INTRODUCTION {#SEC1}
============

All eukaryotic mRNAs are protected at their 5′-end by a cap structure consisting of 7-methylguanosine connected to the first transcribed nucleotide by a 5′,5′-triphosphate bridge (m^7^GpppN; Figure [1A](#F1){ref-type="fig"}). Through recognition by highly specialized cap-binding proteins, the cap is involved in a number of mRNA-related processes, including maturation, nuclear export, initiation of protein synthesis and turnover ([@B1]). Previously, we synthesized various mRNA cap analogs in which the 5′,5′-triphosphate chain was modified by substitution of either bridging O atoms (with either CH~2~ or NH) or non-bridging O atoms (with either S or Se) ([@B6]). These modifications were designed to confer resistance to enzymatic cleavage of the triphosphate chain and possibly to alter other biological properties as well. The phosphate-modified cap analogs have been used to study structural requirements of cap-binding proteins and tested in biochemical assays for their enzymatic susceptibility and ability to modulate cap-dependent processes, particularly mRNA translation ([@B10]). These studies revealed that single-atom replacements in the triphosphate bridge can significantly influence the biological properties of the cap, both as a low molecular weight ligand and also when incorporated into synthetic mRNA.

![(**A**) Structure of the 5′-end of eukaryotic mRNA showing the cap and first three template nucleotide residues. (**B**) Structure of previously synthesized phosphorothioate cap analogs (S-analogs) that have favorable biological properties: m^7^Gp~S~ppG, a potent translational inhibitor, and m~2~^7,2′-*O*^Gpp~S~pG, a reagent for enhancing the biological stability and translation efficiency of capped mRNAs.](gku757fig1){#F1}

The most useful analogs with single-atom modifications are the anti-reverse cap analogs (ARCAs) ([@B15],[@B16]) containing a β-phosphorothioate moiety, i.e. with an O to S substitution at the β-phosphate of the triphosphate bridge (β-S-ARCA; Figure [1B](#F1){ref-type="fig"}) ([@B7]). RNAs capped with β-S-ARCA are resistant to decapping *in vitro* and have longer half-lives and higher translational efficiencies in cultured mammalian cells ([@B10]). The combination of high stability and translational efficiency makes mRNAs capped with β-S-ARCAs favorable for use in anticancer immunization ([@B12]). Proteins encoded by β-S-ARCA-capped mRNAs are expressed at up to 3-fold higher levels in immature dendritic cells compared to ARCA-capped mRNAs and elicit a greater immune response when injected into mouse lymph nodes ([@B12]).

Other useful cap analogs have a single O to S substitution at the γ-position of the triphosphate bridge, which makes them resistant to decapping scavenger enzymes (DcpS). DcpS enzymes remove the cap from short oligonucleotides remaining after 3′→5′ mRNA degradation ([@B17],[@B18]). The γ-modified analogs have also high affinity for the translational cap-binding protein eIF4E and are strong inhibitors of cap-dependent translation, which makes them potentially useful in experimental therapies that are intended to counteract elevated levels of eIF4E in cancer cells ([@B19]). Both their higher affinity for eIF4E and their higher stability in cell lysates make γ-modified analogs especially useful for targeting eIF4E ([@B22]).

Aside from the phosphorothioates, another class of close phosphate mimics with a substitution of a non-bridging O is boranophosphates (Figure [2A](#F2){ref-type="fig"}). The boranophosphate and phosphorothioate moieties resemble each other in terms of structure and acid-base properties but differ in certain features that may affect their behavior in biological systems ([@B23],[@B24]). For instance, both O-to-BH~3~ and O-to-S substitutions preserve the negative charge of the phosphate moiety under physiological pH, and both can result in P-diastereomerism (Figure [2B](#F2){ref-type="fig"}). In contrast to the S atom, however, the negatively charged BH~3~ group does not have lone electron pairs and hence does not accept hydrogen bonds and interacts with metal ions poorly. This characteristic may influence the interaction of biomolecules with boranophosphate-modified nucleotides and oligonucleotides. In fact, boranophosphate-modified oligonucleotides are up to 2-fold more resistant to nucleases than phosphorothioate-modified oligonucleotides ([@B25]). Also, boranophosphate-modified oligonucleotides also exert unique reducing properties under certain conditions ([@B26]).

![Structural comparison of phosphorothioate and boranophosphate moieties. (**A**) Electronic structures; (**B**) stereochemical structures. Both O to BH~3~ and O to S substitutions may result in P-diastereoisomerism. It should be noted, however, that the same spatial arrangement of substituents around stereogenic phosphorus center for phosphorothioate and boranophosphate groups produces different absolute configurations (*S~P~* and *R~P~*) because of the different priority of BH~3~ and S substituents according to Cahn--Ingold--Prelog priority rules. (**C**) A representative RP HPLC chromatogram of a mixture of two diastereomeric BH~3~-analogs (m^7^Gpp~BH3~pG D1 and D2; **2a** and **2b**). D1 denotes the isomer eluting faster from a reversed-phase (RP) HPLC column.](gku757fig2){#F2}

Because of the possibility that the boranophosphate-containing cap analogs may have different biochemical properties than their phosphorothioate-containing counterparts, we synthesized and characterized a novel series of boranophosphate cap analogs, compounds **1**--**6** (BH~3~-analogs), in which there is a single O-to-BH~3~ substitution at either the α-, β- or γ-position of the triphosphate bridge (Table [1](#tbl1){ref-type="table"}). We analyzed conformations of the BH~3~-analogs and determined their interactions with two proteins that recognize free cap dinucleotides, eIF4E and DcpS. We also assessed the ability of selected new analogs to inhibit cap-dependent translation in a cell lysate as a first step in exploring their possible use as translational inhibitors in whole cells. Some of the BH~3~-analogs were additionally modified with a methyl group either at the 2′-*O*-methyl position to make them ARCAs ([@B15],[@B27]) or at the *N*^7^-position of the second guanosine to make them 'two-headed' analogs (e.g. m^7^Gpppm^7^G) ([@B28],[@B29]). These analogs were used to make synthetic mRNAs that were tested for protein expression in dendritic cells.

###### 

Structures of novel boranophosphate cap analogs (BH~3~-analogs)

![](gku757tbl1)

MATERIALS AND METHODS {#SEC2}
=====================

General information on the chemical synthesis, including sources of solvents and reagents, synthesis of starting materials, diethylaminoethylene (DEAE) Sephadex chromatography, high-performance liquid chromatography (HPLC), nuclear magnetic resonance (NMR) and high-resolution mass spectrometry (HRMS) equipment and conditions are available in Supplementary file.

7-methylguanosine 5′-\[3-(5′-guanosinyl)-1-boranotriphosphate\], m^7^Gppp~BH3~G (**1**) {#SEC2-1}
---------------------------------------------------------------------------------------

To a suspension of **7** (1070 mOD, 50 mg, 0.09 mmol) and **8** (100 mg, 0.18 mmol) in 6 ml of dimethylformamide (DMF) anhydrous MgCl~2~ (110 mg, 1.2 mmol) was added and the mixture was vigorously shaken until reagents dissolved. After stirring at room temperature (r.t.) for 10 h under microwave irradiation, the reaction was quenched by addition of 50 ml of water. The products were purified on DEAE Sephadex using 0--1.2 M gradient of triethylammonium bicarbonate (TEAB) to yield 1240 mOD (0.55 mmol, 62%) of diastereomeric mixture of **1** (triethylammonium salt). The diastereomers were separated by reversed-phase (RP) HPLC to yield 545 mOD (22 mg, 0.024 mmol, 28%) of **1a** and 450 mOD (18 mg, 0.020 mmol; 18.6%) of **1b** (both as NH~4~^+^ salts). MS ESI (−) *m/z* calcd. 799.1180, found 799.1195 **1a** (*R~P~*): *δ*~H~ 9.03 (1 H, s); 8.08 (1 H, s); 5.90 (1 H, d, *J* 3.3); 5.83 (1 H, d, *J* 6 .0); 4.69 (1 H, dd 6.0, 5.0); 4.58 (1 H, dd, *J* 5.0, 3.3); 4.49 (1 H, J 5.0, 3.2); 4.47 (1 H, *J* 5.5, 5.0); 4.40--4.20 (6 H, m); 0.38 (3 H, broad m); *δ*~P~: 84.07 (1 P, m); −11.29 (1 P, d, *J* 19.4); −22.95 (1 P, dd, *J* 19.4 Hz, *J* 30.0); **1b** (*S~P~*): *δ*~H~: 8.97 (1 H, s); 8.06 (1 H, s); 5.90 (1 H, d, *J* 3.0); 5.79 (1 H, d, *J* 5.7); 4.61 (1 H, m); 4.52 (1 H, m); 4.44 (2 H, m); 4.36 (2 H, m); 4.26 (4 H, m); 4.04 (3 H, m); 0.44 (3 H, m) *δ*~P~: 84.0 (1 P, m); −11.38 (1 P, d, *J* 19.5); −22.88 (1 P, dd, *J* 19.5, *J* 30.0).

7-methylguanosin-5′-yl-\[3-(5″-guanosinyl)-2-boranotriphosphate), m^7^Gpp~BH3~pG (**2**) {#SEC2-2}
----------------------------------------------------------------------------------------

To a solution of **15** (1550 mOD, 70 mg, 0.066 mmol) in 2 ml of dimethysulfoxide (DMSO) methyl iodide (20 μl, 0.33 mmol) was added. After 3 h of stirring at r.t., the reaction was quenched by addition of 20 ml of water. The solution was adjusted to pH 7 by addition of solid NaHCO~3~ and washed twice with 5 ml of ether. The product was purified on DEAE Sephadex using 0--1.1 M gradient of TEAB to yield 850 mOD (0.037 mmol, 56%) of 2 (triethylammonium salt). The diastereomers were separated by RP HPLC to yield 345 mOD (14.0 mg, 0.015 mmol, 23%) of **2a** and 335 mOD (13.5 mg, 0.015 mmol, 22%) of **2b** (both as NH~4~^+^ salts). MS ESI (−) *m/z* calcd. 799.1180, found 799.1201 **2a**: *R~t~* RP HPLC = 6.5 min, *δ*~H~: 8.03 (1 H, s); 5.93 (1 H, d, *J* 3.2); 5.82 (1 H, d, *J* 6.5); 4.71 (1 H, dd, *J* 6.5, 5.0); 4.56 (1 H, dd, *J* 3.2, *J* 5.0); 4.50 (1 H, dd, *J* 5.0, 3.0); 4.45 (1 H, dd, *J* 5.0, 6.0); 4.35 (3 H, m); 4.22 (3 H, m), 4.05 (3 H, s), 0.53 (3 H, m), *δ*~P~: 75.1 (1 P, m), −11.3 (2 P, ∼d, *J* 30.7); **2b**: *R~t~* RP HPLC = 7.0 min, *δ*~H~: 8.96 (1 H, s); 8.02 (1 H, s); 5.91 (1 H, d, *J* 3.2); 5.81 (1 H, d, *J* 6.5); 4.70 (1 H, dd, *J* 6.5, 4.9); 4.56 (1 H, dd, *J* 5.0, 3.2); 4.50 (1 H, dd, *J* 4.9, 3.0); 4.45 (1 H, dd, *J* 6.0, 5.0); 4.35 (3 H, m); 4.22 (3 H, m), 4.05 (3 H, s); 0.53 (3 H, m), *δ*~P~: 75.13 (1 P, m) −11.31 (2P, ∼d, *J* 30.7).

7-dimethylguanosine 5′-\[3-(5′-guanosinyl)-3-boranotriphosphate\], m^7^Gp~BH3~ppG (**3**) {#SEC2-3}
-----------------------------------------------------------------------------------------

Obtained analogously to **1** starting from **13** (915 mOD, 65 mg, 0.080 mmol), **14** (1320 mOD, 60 mg, 0.22 mmol) and MgCl~2~ (220 mg, 2.3 mmol) in 3 ml of DMF. The reaction was quenched after 2 h by addition of 20 ml of water. The products were separated by DEAE Sephadex using 0--1.2 M gradient of TEAB to yield 1480 mOD (0.66 mmol, 81%) of diastereomeric mixture of **3**. The diastereomers were separated using RP HPLC to yield 690 mOD (28 mg, 0.031 mmol, 38%) of **3a** and 570 mOD (22 mg, 0.025 mmol; 23%) of **3b** (both as NH~4~^+^ salts). MS ESI (−) *m/z* calcd. 799.1180, found 799.1198 **3a** (*S~P~*): *δ*~H~ 8.92\* (1 H, s); 8.01 (1 H, s); 5.85 (1 H, d, *J* 2.5); 5.79 (1 H, d, *J* 6.2); 4.66 (1 H, dd, *J* 6.2, 5.0); 4.48 (2 H, m); 4.38--4.22 (7 H, m); 4.08 (3 H, s, CH~3~); 0.42 (3 H, broad m), *δ*~P~ 84.5 (1 P, m); −11.52 (1 P, m); −23.03 (1 P, m); 3b (*R~P~*): *δ*~H~: 9.02\* (1 H, s); 8.04 (1 H, s); 5.97 (1 H, d, *J* 3.2); 5.83 (1 H, d, *J* 6.0); 4.70 (1 H, dd, *J* 6.0, 5.0); 4.61 (1 H, dd, *J* 4.8, 3.2); 4.52 (1 H, dd, *J* 6.2, 4.8); 4.50 (1 H, dd, *J* 5.0, 3.5); 4.39 (1H, m); 4.35--4.22 (5H, m); 4.07 (3H, s); 0.41 (3H, broad m) δ~P~: 84.2 (1 P, m); −11.37 (1 P, m); −23.05 (1 P, m).

bis(7-methylguanosin-5′,5″-yl) (2-boranotriphosphate), m^7^Gpp~BH3~pm^7^G (**4**). Method I {#SEC2-4}
-------------------------------------------------------------------------------------------

Obtained analogously as **2** starting from Gpp~BH3~pG (2200 mOD, 100 mg, 0.092 mmol) and 60 μl (0.1 mmol) of methyl iodide in 3 ml of DMSO. The reaction was quenched after 4 h by addition of 30 ml of water. The product was purified on DEAE Sephadex using a 0--1.1 M gradient of TEAB. After evaporation, m^7^Gpp~BH3~pm^7^G triethylammonium salt was converted into sodium salt on Dowex 50 Wx8 (200--400 mesh, sodium form) to yield, after repeated freeze-drying, 990 mOD of **4** sodium salt (40 mg, 0.045 mmol, 48%).

Method II {#SEC2-5}
---------

Compound **16** (Na salt, 63 mg, 1390 mOD, 0.120 mmol) was mixed with boranophosphate (TEA salt, 70 mg, 0.120 mmol) and MgCl~2~ (8 eq, 105 mg, 1.12 mmol) and dissolved in DMF (1 ml) under stirring. Reaction was monitored by RP HPLC. After 2.5 h, the reaction was quenched by addition of MQ water (10 ml). The product was purified on DEAE Sephadex using 0--1 M linear gradient of TEAB in water to afford 400 mOD (0.017 mmol, 57%) of **4**, triethylammonium salt. Subsequent conversion into ammonium salt on semi-preparative RP HPLC and repeatedly freeze-drying resulted with 6.0 mg of **4**. MS ESI (−) *m/z* calcd. 813.1336, found 813.1357; *R~t~* RP HPLC = 8.4 min, *δ*~H~: 9.15\* (2H, s); 6.03 (2H, d, *J* 3.7); 4.65 (2H, m); 4.52 (2H, m); 4.40 (2H, m); 4.34 (2H, m); 4.22 (2H, m); 4.12 (6H, s); 0.44 (3H, m), *δ*~P~: 74.90 (1P, m), −11.33 (1P, d, *J* 31.0), −11.36 (1P, d, *J* 31.0)

2′-*O*,7-dimethylguanosine 5′-\[3-(5′-guanosinyl)-3-boranotriphosphate\], m^7,2′-*O*^Gppp~BH3~G (**5**) {#SEC2-6}
-------------------------------------------------------------------------------------------------------

Obtained analogously as **1** starting from **7** (1320 mOD, 60 mg, 0.11 mmol) and **9** (120 mg, 0.22 mmol) and MgCl~2~ (160 mg, 1.7 mmol) in 6 ml of DMF. The products were separated on DEAE Sephadex using 0--1.2 M gradient TEAB to yield 1450 mOD (0.64 mmol, 60%) of diastereomeric mixture of **5**. The diastereomers were separated by RP HPLC to yield 700 mOD (28 mg, 0.031 mmol, 28%) of D1 and 465 mOD (19 mg, 0.020 mmol; 18.6%) of D2 (both as NH~4~^+^ salts). MS ESI (−) *m/z* calcd. 813.1336, found 813.1361; **5a** (*R~P~*): *R~t~* RP HPLC = 7.1 min; *δ*~H~ 9.02\* (1 H, s); 8.08 (1 H, s); 5.94 (1 H, d, *J* 2.7); 5.83 (1 H, d, *J* 6.0); 4.69 (1 H, dd, *J* 6.0, 5.1); 4.55 (1 H, dd, 6.0, 5.2); 4.50 (1 H, dd, *J* 5.1, 3.5); 4.40 (1 H, m); 4.35--4.22 (6H, m); 4.07 (3H, s); 3.59 (3H, s), 0.40 (3H, m); *δ*~P~: 83.7 (1 P, m), −11.30 (1 P, d, *J* 19.5); −22.91 (1 P, dd, *J* 19.5 Hz, *J* 30.0); **5b** (*S~P~*): *R~t~* RP HPLC = 7.8 min, *δ*~H~ 8.97 (1 H, s); 8.05 (1 H, s); 5.95 (1 H, d, *J* 2.7); 5.78 (1 H, d, *J* 6.0); 4.61 (1 H, dd, *J* 6.0, 5.0); 4.49 (1 H, dd, *J* 6.0, 5.0); 4.45 (1 H, dd, *J* 5.0, 3.5); 4.34--4.18 (7H, m); 4.05 (3H, s); 3.60 (3H, s), 0.40 (3H, m), *δ*~P~: 83.7 (1 P, m), −11.41 (1 P, d, *J* 19.0); −22.87 (1 P, dd, *J* 19.0, 32.0).

P1--7,2′-*O*-dimethylguanosin-5′-yl P3-guanosine-5′-yl (2-boranotriphosphate), ammonium salt, m~2~^7,2′-*O*^Gpp~BH3~pG (**6**) {#SEC2-7}
------------------------------------------------------------------------------------------------------------------------------

Compound 17 (330 mOD, 15 mg, 0.029 mmol) and boranophosphate triethylammonium salt (30 mg, 0.15 mmol) were mixed in 1 ml of DMF followed by addition of MgCl~2~ (40 mg, 0.40 mmol) and left under stirring for 1--2 min. Subsequently, 14 (940 mOD, 40 mg, 0.078 mmol) and MgCl~2~ (40 mg, 0.40 mmol) were added under stirring. After 5 h, the reaction was quenched by addition of water (20 ml). The product was purified on DEAE Sephadex using 0--1.2 M linear gradient of TEAB to afford 280 mOD (0.012 mmol, 41%) of **6** triethylammonium salt. Diastereoisomeres D1 and D2 were then separated on semi-preparative RP HPLC and, after repeated freeze-drying, isolated as ammonium salts (D1, **6a**, 125 mOD, 5.1 mg, 0.0053 mmol, 19%) (D2, **6b**, 120 mOD, 4.8 mg, 0.0056 mmol, 18%). MS ESI (−) *m/z* calcd. 813.1336, found 813.1372; 6a: *R~t~* RP HPLC = 7.9 min; *δ*~H~: 8.98 (1 H, s); 8.03 (1 H, s); 5.98 (1 H, d, *J* 2.5); 5.81 (1 H, d, *J* 6.2); 4.67 (1 H, dd, *J* 6.2, 5.0); 4.51 (1 H, dd, *J* 6.0, 5.0); 4.49 (1 H, dd, *J* 5.0, 3.5); 4.38 (1 H, m); 4.35--4.30 (2H, m); 4.27 (2H, m); 4.23 (4H, m); 4.06 (3H, s); 3.61 (3H, s), 0.45 (3H, m), *δ*~P~: 75.12 (1 P, m), −11.09 (2P, d, *J* 30.7), 6b: *R~t~* RP HPLC = 8.3 min; *δ*~H~: 8.97 (1 H, s); 8.05 (1 H, s); 5.95 (1 H, d, *J* 2.5); 5.78 (1 H, d, *J* 6.2); 4.61 (1 H, dd, *J* 6.2, 4.8); 4.49 (1 H, dd, *J* 6.0, 5.0); 4.44 (1 H, dd, *J* 5.0, 3.5); 4.36--4.18 (7H, m); 4.05 (3H, s); 3.60 (3H, s), 0.45 (3H, m), *δ*~P~: 75.12 (1 P, m), −11.11 (2P, ∼d, *J* 30.7).

7-methylguanosine 5′-(1-boranodiphosphate), m^7^GDPαBH~3~ (**13**) {#SEC2-8}
------------------------------------------------------------------

To a solution of GDPαBH~3~ (2075 mOD, 0.17 mmol) in 3.45 ml of DMSO CH~3~I (85 μl) was added and the solution was kept at r.t. under stirring for 2.5 h. The reaction was quenched by addition of 35 ml of water, adjusted to pH 6 with solid NaHCO~3~ if necessary, and repeatedly extracted by diethyl ether. The product was purified by DEAE Sephadex using 0--0.9 M gradient of TEAB to yield 1360 mOD (0.12 mmol, 70%) of m^7^GDPαBH~3~ diastereomeric mixture. *R~t~* RP HPLC = 5.0 min; MS ESI (−) *m/z* calcd. 454.0706, found 454.0765; 13a: *R~t~* RP HPLC = 5.0 min; *δ*~H~ 9.20 (1 H, s); 6.07 (1 H, d, *J* 3.4); 4.68 (1 H, dd, *J* 4.5, 3.4); 4.47 (1 H, dd, *J* 5.5, 4.5); 4.44 (1 H, m); 4.28 (2 H, m); 4.16 (3 H, s); 0.40 (3 H, m); *δ*~P~ 75.12 (1 P, m), −11.09 (2 P, d, *J* 30.7), 13b: *R~t~* RP HPLC = 5.5 min; *δ*~H~ 9.11 (1 H, s); 6.07 (1 H, d, *J* 3.2); 4.69 (1 H, dd, *J* 4.6, 3.2); 4.56 (1 H, dd, *J* 5.8, 4.6); 4.42 (1 H, m); 4.25 (2H, m); 4.15 (3H, s); 0.40 (3H, m), *δ*~P~ 75.12 (1 P, m), −11.11 (2 P, ∼d, *J* 30.7), *δ*~P~ 81.9 (1 P, d, *J* 32.0), −10.32 (1 P, d, *J* 32.0).

Diguanosine 5′,5′-(2-boranotriphosphate), Gpp~BH3~pG (**15**) {#SEC2-9}
-------------------------------------------------------------

To a mixture of **14** (4700 mOD, 200 mg, 0.39 mmol) and triethylammonium boranophosphate (70 mg, 0.23 mmol) suspended in 5 ml of DMF anhydrous MgCl~2~ (380 mg, 4.0 mmol) was added and left at r.t. under stirring for 1 h. The reaction was quenched by addition of 50 ml of water. The product was purified on DEAE Sephadex using 0--1.2 M gradient of TEAB to yield 3760 mOD (170 mg, 0.16 mmol, 80%) of **15** triethylammonium salt. *R~t~* RP HPLC = 6.2 min MS ESI (−) *m/z* calcd. 785.1023 found 785.1097, *δ*~H~ 8.10 (1 H, s); 8.08 (1 H, s); 5.83 (2 H, d, *J* 5.2); 4.68 (2 H, t, *J* 5.2); 4.49 (2 H, m); 4.30 (2 H, m); 4.23 (4H, m); *δ*~P~ 75.10 (1 P, m), −11.20 (1 P, dt, *J* 30.2, 5.0), −11.28 (1 P, dt, *J* 30.2, 5.0).

Adenosine 5′-(1-borano-2-imidazoyl-diphosphate), dilithium salt **(20)** {#SEC2-10}
------------------------------------------------------------------------

Compound **19** (2 060 mOD, 90 mg, 0.137 mmol, 4:5 *R~P~/S~P~* diastereomeric mixture) was mixed with imidazole (93 mg, 1.36 mmol), 2,2′-dithodipiridine (91 mg, 0.414 mmol), DMF (2 ml) and triethylamine 57 μl. The suspension was stirred for 5 min followed by addition of triphenylphosphine (108 mg, 0.412 mmol) and left under stirring at r.t. for 4 h (complete dissolution of reagents was observed during first 10 min). The product was precipitated as a lithium salt by pouring the reaction mixture into LiClO~4~ (140 mg) solution in acetonitrile (ACN) (50 ml). The product was centrifuged, supernatant discarded. The pellet was repeatedly washed with cold acetonitrile by re-suspension/centrifugation. After drying under reduced pressure over P~2~O~5~ 1700 mOD (84 mg, 0.113 mmol, 83%) of compound **20** (*S~P~/R~P~* diastereomeric mixture) were isolated as a white powder. RP HPLC *R~t~*: 9.0 min (D1) and 9.5 min (D2); MS ESI (−) *m/z* = 474.1.

Diadenosine 5′,5′-(1,3-diboranotriphosphate), Ap~BH3~pp~BH3~A **(21)** {#SEC2-11}
----------------------------------------------------------------------

Obtained analogously as **1** starting from **18** (620 mOD, 20 mg, 0.041 mmol), **20** (410 mOD, 20 mg, 0.027 mmol) and MgCl~2~ (78 mg, 0.82 mmol) in 2 ml DMF. The reaction was quenched after 5 days by diluting with 10 ml of water. The products were purified on DEAE Sephadex using 0--1.2 M gradient of TEAB to yield 495 mOD (0.020 mmol, 70%) of diastereomeric (**21a:21b:21c** ratio 10:20:15 by HPLC) mixture of **21**. The diastereomers were partially resolved by RP HPLC to yield 335 mOD (8.5 mg, 0.013 mmol, 48%) of **21a,b** (8:20) and 170 mOD (0.0066 mmol, 3.6 mg, 24%) of **21c**. MS ESI(−) *m/z*: calcd. 751.1504 found. 751.1543; **21a** (*R~P~, R~P~*): *R~t~* RP HPLC = 9.7 min, *δ*~H~ 8.51 (2 H, s); 8.22 (2 H, s); 6.09 (2 H, d, *J* 5.0); 4.75 (2 H, t, *J* 5.0); 4.66 (2 H, dd, *J* 5.0, 4.0); 4.38 (2 H, m); 4.29 (4 H, m); 0.48 (3 H, m); *δ*~P~ 82.5 (2 P, m), −22.6 (1 P, m); **21b** (*R~P~, S~P~*): *R~t~* RP HPLC = 9.9 min; *δ*~H~ 8.48 (1 H, s); 8.44 (1 H, s); 8.19 (1 H, s); 8.19 (1 H, s); 6.04 (1 H, d, *J* 5.2); 6.01 (1 H, d, *J* 5.2); 4.60 (1 H, dd, *J* 5.2, 5.0); 4.64 (1 H, dd, *J* 5.2, 5.0); 4.56 (1 H, dd, *J* 5.0, 3.7); 4.49 (1 H, dd, *J* 5.0, 4.0); 4.38 (2 H, m); 4.29 (4 H, m); 0.48 (3 H, m); *δ*~P~ 82.5 (2 P, m), −22.6 (1 P, m); **21c** (*S~P~, S~P~*): *R~t~* RP HPLC = 11.6 min *δ*~H~ 8.45 (2 H, s); 8.16 (2 H, s); 6.01 (2 H, d, *J* 5.2); 4.60 (2 H, dd, *J* 5.2, 4.8); 4.45 (2 H, dd, *J* 4.8, 3.2); 4.40 (2 H, m); 4.33 (4 H, m); 0.48 (3 H, m); *δ*~P~ 82.5 (2 P, m), −22.6 (1 P, m).

Pyrophosphate P1,P2-bis(phosphorimidazolide), disodium salt **(22)** {#SEC2-12}
--------------------------------------------------------------------

Pyrophosphate (triethylammonium salt, 1084 mg, 2.84 mmol) was mixed with imidazole (3870 mg, 56.8 mmol), 2′2′-dithiodipiridine (2840 mg, 14.2 mmol), DMF (16 ml) and triethylamine (0.8 ml). The suspension was stirred for 30 min followed by addition of triphenylphosphine (3720 mg, 14.2 mmol) and left under stirring for 18 h. The product was precipitated as a sodium salt by pouring the reaction mixture into NaClO~4~ (2430 mg) solution in ice-cold acetone (80 ml). The product was left for 4 h at 4°C and centrifuged, supernatant discarded. The pellet was repeatedly washed with cold acetone by resuspension/centrifugation. After drying under reduced pressure over P~2~O~5~ 887 mg (97%, 2.75 mmol) of compound **22** were isolated as a white powder.

Guanosine 5′-O-(1-borano)triphosphate, triethylammonium salt, GTPαBH~3~**(23)** {#SEC2-13}
-------------------------------------------------------------------------------

Compound **20** (sodium salt, 256 mg, 0.8 mmol) and anhydrous MgCl~2~ (380 mg, 4 mmol) were mixed in anhydrous DMF (10 ml) followed by addition of compound **7** (triethylammonium salt, 2400 mOD, 92 mg, 0.2 mmol). After 48 h reaction was quenched by addition of 90 ml of water. The product was purified on DEAE Sephadex using 0--1.4 M linear gradient of TEAB in water and isolated as triethylammonium salt (1055 mOD, 0.088 mmol, 44%). Diastereoisomers, D1 (**23a**) and D2 (**23b**) (125 mOD), were then separated on semi-preparative RP HPLC and, after repeated freeze-drying, isolated as ammonium salts (D1: 52 mOD, 0.0044 mmol, 2.5 mg; D2: 42 mOD., 0.0035 mmol, 2 mg). MS ESI (−) *m/z* calcd. 520.0212, found 520.0223; **23a** (*R*~P~): *δ*~H~ 8.20 (1 H, s,); 5.95 (1 H, d, *J* 6.0); 4.81 (1 H, d, *J* 6.0); 4.62 (1 H, d, *J* 2.5); 4.37 (1 H, d, *J* 2.5); 4.29 (1 H, m); 4.16 (1 H, m); 0.47 (3 H, m); *δ*~P~ 83.93 (1 P, d, *J* 29.3); −10.34 (1 P, d, *J* 16.5 Hz); −22.96 (1 P, dd, *J* 29.3, 16.5 Hz); **23b** (*S~P~*): *δ*~H~ 8.18 (1 H, s); 5.94 (1 H, d, *J* 5.1); 4.82 (1 H, dd, *J* 5.1, 3.4); 4.54 (1 H, dd, *J* 3.4, 2.5); 4.37 (1 H, d, *J* 2.5); 4.24 (2 H, m); 0.43 (3 H, m); *δ*~P~ 83.40 (1 P, d, *J* 34.4); −10.50 (1 P, d, *J* 22.4); −22.95 (1 P, dd, *J* 34.4, 22.4).

Adenosine 5′-O-(1-boranotriphosphate), ATPαBH~3~**(24)** {#SEC2-14}
--------------------------------------------------------

Compound **18** (TEA salt, 3200 mOD, 60 mg, 0.21 mmol) and compound **22** (Na salt, 80 mg, 0.25 mmol) were mixed in anhydrous DMF (2 ml) followed by addition of anhydrous MgCl~2~ (513 mg, 5.4 mmol). After 24 h reaction was quenched by addition of MQ water (90 ml). The product was purified on DEAE Sephadex using 0--1.12 M linear gradient of TEAB in water and isolated as TEA salt (1660 mOD, 0.11 mmol, 52%). Diastereoisomeres D1 (**24a**) and D2 (**24b**) (500 mOD) were then separated on semi-preparative RP HPLC and, after repeated freeze-drying, isolated as ammonium salts (**24a**: 135 mOD., 0.0090 mmol, 9 mg; **24b**: 75 mOD., 0.0050 mmol, 5.5 mg). MS (ESI−) *m/z* (M-H^+^) calc. 504.0263, found 504.0286; **24a**: *R~t~* = 5.2 min; ^1^H NMR *δ*~H~ 8.64 (1 H, s), 8.33 (1 H, s), 6.17 (1 H, d, *J* 5.5), 4.80 (1 H, dd, *J* 5.5, 4.9), 4.63 (1 H, dd, *J* 4.9, 3.6), 4.42 (1 H, dt, *J* 3.6, 3.0), 4.16 (1 H, ddd, *J* 12.0, 7.0, 3.0), 4.05 (1 H, ddd, *J* 12.0, 4.9, 3.0), 0.46 (3 H, m); *δ*~P~ 84.31 (1 P, m), −10.75 (1 P, d, *J* 19.5), −22.88 (1 P, dd, *J* 30.0, 19.5); **24b**: *δ*~H~ 8.58 (1 H, s), 8.27 (1 H, s), 6.15 (1 H, d, *J* 5.7), 4.78 (1 H, dd, J 5.7, 5.0), 4.56 (1 H, dd, *J* 5.0, 3.5 Hz), 4.42 (1 H, dt, *J* 3.5, 3.0), 4.26 (1 H, ddd, *J* 12.0, 7.0, 3.0), 4.21 (1 H, ddd, *J* 12.0, 4.9, 3.0), 0.44 (3 H, m); *δ*~P~ 81.38--86.79 (1 P, m), −9.84 (1 P, d, *J* 16.6), −22.51 (1 P, dd, *J* 30.0, 16.6).

Stacking measurements {#SEC2-15}
---------------------

The population of the stacked dinucleotide cap analogs was determined comparing its fluorescence intensity to fluorescence intensity of m^7^GMP in 50 mM phosphate buffer (pH 5.2) at 20.0 ± 0.3°C according to the equation ([@B30]): $$\documentclass[12pt]{minimal}
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}{}\begin{eqnarray*} &&\% _{\rm stacking} = \frac{{[{\rm stacked}]}}{{[{\rm unstaked}] + [{\rm staked}]}} = \frac{{F_{({\rm m}^7 {\rm GMP})} - {\it F}_{({\rm cap})}}}{{{\it F}_{({\rm m}^7 {\rm GMP})}}}. \end{eqnarray*}\end{document}$$

Molecular modeling {#SEC2-16}
------------------

Molecular dynamics simulations were performed with the Desmond package as implemented in the Maestro Suite from Schrödinger. All parameters, including partial charges of mononucleotides, were assigned from an OPLS2005 force-field. Each mononucleotide was solvated in a cubic box filled with Simple Point Charge (SPC) water molecules. Systems were heated and equilibrated with the standard Desmond Maestro protocol. All simulations were run in NPT ensemble with Nose--Hoover thermal bath (coupling time 1.0 ps, *T* = 300 K) and Martyna--Tobias--Klein pressure coupling (coupling time 2.0 ps, *P* = 1 atm). Equations of motion were integrated numerically with a multiple time-step RESPA algorithm. Bonded and near non-bonded interactions were computed every 2.0 fs and far non-bonded interactions were integrated every 6.0 or 9.0 fs. A cutoff was applied to electrostatic interactions and particle-mesh Ewald summation was applied for particles placed beyond this distance. The snapshots were recorded every 4.8 ps.

Preparation of recombinant proteins {#SEC2-17}
-----------------------------------

Mouse eIF4E (residues 28--217) was expressed in *Escherichia coli* strain BL21(DE3) as inclusion bodies. Guanidinium-solubilized protein was refolded by one-step dialysis, and purified by ion-exchange chromatography on HiTrap SP column (GE Healthcare) without exposure to cap analogs. The concentration of eIF4E was determined spectrophotometrically (ϵ~280~ = 53 400 cm^−1^ M^−1^). *Caenorhabditis elegans* DcpS (*Ce*DcpS) was expressed in *E. coli* with a pET16b vector as described previously ([@B31]). The protein was purified on a nickel-nitrilotriacetic acid (Ni-NTA)-affinity column under native conditions. The concentration of *Ce*DcpS was determined spectrophotometrically (ϵ~280~ = 38 900 cm^−1^ M^−1^).

HPLC-based assays of DcpS-mediated hydrolysis {#SEC2-18}
---------------------------------------------

Two assays were used to measure the products of digestion with either human or *C. elegans* DcpS. *Assay 1 (lower enzyme concentration).* Assays were performed in 50 mM Tris HCl pH 7.9, 20 mM MgCl~2~ and 60 mM (NH~4~)~2~SO~4~, at 30°C. DcpS enzyme concentration was 0.1 μM, while the initial substrate concentration was 40 μM. Samples of 100 μl were collected from the reaction mixtures after 15 min, 30 min, 1 h and 2 h. The enzyme was heat-inactivated by incubation at 98°C for 2 min followed by cooling on ice. The samples were analyzed by analytical RP HPLC as described in Supplementary file.*Assay 2 (higher enzyme concentration).* Assays were performed in 50 mM Tris HCl, 200 mM KCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM dithiothreitol (DTT) (final pH 7.6), at 20°C by HPLC. DcpS enzyme concentration was 0.2 μM (the same as in the binding studies), while the initial substrate concentration was 15 μM. Before the enzyme addition, 1 ml of buffer solution containing the investigated cap analog was maintained at 20°C for 10 min. The reaction was started by the enzyme addition and was stopped at 10 and 90 min by heat inactivation of the sample (200 μl aliquot of the reaction mixture) at 97°C for 2.5 min. The mobile phase for analytical RP HPLC analysis was a linear gradient of methanol from 0% to 30% in aqueous 0.1 M KH~2~PO~4~, at a flow rate of 1.3 ml/min, over 15 min) at room temperature. For quantitative comparison of enzyme activity toward various cap analogs studied we further determined the extent of decapping (*x*) measured as the percentage of hydrolyzed substrate.

Fluorescence assays {#SEC2-19}
-------------------

Fluorescence titration measurements were carried out on an LS-55 spectrofluorometer (Perkin Elmer Co.) in a quartz cuvette (Hellma) with an optical path length of 4 mm for absorption and 10 mm for emission. The eIF4E measurements were performed in 50 mM HEPES/KOH (pH 7.2), 100 mM KCl, 0.5 mM EDTA and 1 mM DTT, and the DcpS measurements in 50 mM Tris HCl, 200 mM KCl, 0.5 mM EDTA and 1 mM DTT (final pH 7.6), both at 20.0 ± 0.3°C. Aliquots of 1 μl increasing concentration of cap analog solutions were added to 1.4 ml of 0.1 μM eIF4E solutions or 0.2 μM DcpS solutions. Fluorescence intensities (excitation at 280 nm with 2.5-nm bandwidth and detection at 340 nm with 4 nm bandwidth and 290 nm cut-off filter) were corrected for sample dilution and the 'inner filter' effect. Equilibrium association constants (*K*~AS~) were determined by fitting the theoretical dependence of the fluorescence intensity on the total concentration of cap analog to the experimental data points as described previously ([@B32]). The final *K*~AS~ was calculated as a weighted average of three to five independent titration assays. Numerical nonlinear least-squares regression analysis was performed using ORIGIN 6.0 (Microcal Software Inc., USA). The Gibbs free energy of binding was calculated from the *K*~AS~ value according to the standard equation Δ*G*^0^ = −RTln*K*~AS~.

Inhibition of translation by cap analogs in rabbit reticulocyte lysate system {#SEC2-20}
-----------------------------------------------------------------------------

Inhibition experiments of cap-dependent translation in RRL (rabbit reticulocyte lysate; Flexi Rabbit Reticulocyte Lysate System, Promega) by cap analogs, evaluation of their stability in RRL lysate and determination of IC~50~ values were performed as described previously ([@B8]). Briefly, the *in vitro* translation reactions (12.5 μl total volume) contained a tested cap analog (inhibitor) at a concentration falling in the range of 0 to 50 μM and m~2~^7,3′-*O*^GpppG-capped reporter luciferase mRNA at 5 μg/ml. Two variants of the experiment (A and B) were performed in order to evaluate the susceptibility of tested cap analogs to degradation in RRL and its correlation to inhibitory properties. In 'experimental setup A', the RRL was pre-incubated at 30°C for 60 min and, then, the cap analog and luciferase mRNA were added at the same time. In 'experimental setup B' the cap analog was pre-incubated in RLL at 30°C for 60 min, followed by addition of luciferase mRNA. All reactions were stopped 60 min after addition of mRNA by chilling on ice and the luciferase activity was measured in a luminometer (Glomax, Promega). It was confirmed in a separate experiment that a linear increase in luciferase activity was observed when luciferase mRNA was translated in RRL over the period of 60 min, similarly as described previously ([@B8]).

mRNA expression in dendritic cells {#SEC2-21}
----------------------------------

Luciferase-encoding mRNAs were prepared by *in vitro* transcription with T7 RNA polymerase as described before ([@B12]). By adding the respective cap di-nucleotide to the reaction solution it is incorporated co-transcriptionally forming the 5′-end of the RNA. Following enzymatic digestion of plasmid DNA, the RNA was purified using magnetic beads (Dynabeads MyOne carboxylic acid, Invitrogen, Carlsbad, CA, USA) ([@B33]) and was finally stored in water. RNA concentrations were measured by ultraviolet absorption at 260 nm (Nanodrop 1000, Thermo Scientific, Wilmington, DE, USA) and RNA integrity was verified by microfluidics-based electrophoreses (2100 Bioanalyzer, Agilent Technologies, Inc., Santa Clara, CA, USA). For differentially 5′-capped RNAs, no significant differences in RNA integrity could be observed. Luciferase expression in human immature dendritic cells (hiDCs) was monitored at different time points (2, 4, 8, 24, 48 and 72 h) following electroporation of differentially 5′-capped mRNAs (for experimental details, see ([@B12])). Luciferase activity was normalized against cell numbers and depicted as a function of time (Figure [5](#F5){ref-type="fig"}) and further analysis was performed by spline interpolation of the experimental data points as described, using the R software (R Development Core Team, 2008) resulting in functional parameters summarized in Table [8](#tbl8){ref-type="table"}.

![Synthesis of cap BH~3~-analogs **1** and **5** modified at the α-position of the triphosphate bridge. Abbreviations---BSA: *N,O*-bis(trimethylilyl)acetamide; ACN: acetonitrile.](gku757fig3){#F3}

![Synthetic routes for cap BH~3~-analog modified at the γ-position of the triphosphate bridge (**3**). (**A**) Attempted synthesis by coupling of 7-methylguanosine 5′-boranophosphate (**10**) and GDP imidazolide derivative. (**B**) A successful approach employing 7-methylguanosine 5′-(1-boranodiphosphate) (**13**) as the key intermediate.](gku757fig4){#F4}

![Synthesis of cap BH~3~-analogs **2** (**A**), **4** (**B**) and **6** (**C**) modified at the β-position of the triphosphate bridge.](gku757fig5){#F5}

###### 

Selected ^1^H NMR data for α- and γ-modified cap analogs and corresponding nucleoside 5′-diphosphates

  No.       Compound                      Absolute config.   *δ*~H8~^a^ (ppm)   *δ*~H1′~^a^ (ppm)   *δ*~H3′~^a^ (ppm)   *Δδ*~H8\ (*RP*-*SP*)~^a^   *Δδ*~H3′\ (*RP*-*SP*)~^a^   BH~3~-H3′ distance (Å)^b^
  --------- ----------------------------- ------------------ ------------------ ------------------- ------------------- -------------------------- --------------------------- ---------------------------
  **1a**    m^7^Gppp~BH3~G D1             *R~P~*             8.08               5.83                4.48                0.02                       0.04                        n.d.
  **1b**    m^7^Gppp~BH3~G D2             *S~P~*             8.06               5.79                4.44                                                                       n.d.
  **3a**    m^7^Gp~BH3~ppG D1             *S~P~*             8.92               5.85                4.47                0.10                       0.03                        n.d.
  **3b**    m^7^Gp~BH3~ppG D2             *R~P~*             9.02               5.97                4.50                                                                       n.d.
  **5a**    m~2~^7,2′-*O*^Gppp~BH3~G D1   *R~P~*             8.08               5.83                4.50                0.03                       0.06                        n.d.
  **5b**    m~2~^7,2′-*O*^Gppp~BH3~G D2   *S~P~*             8.05               5.78                4.44                                                                       n.d.
  **12a**   GDPαBH~3~ D1                  *R~P~*             8.20               5.95                4.59                0.02                       0.07                        6.70 ± 0.02
  **12b**   GDPαBH~3~ D2                  *S~P~*             8.18               5.95                4.52                                                                       6.04 ± 0.09
  **13a**   m^7^GDPαBH~3~ D1              *S~P~*             9.20               6.07                4.47                --0.08                     0.09                        5.68 ± 0.17
  **13b**   m^7^GDPαBH~3~ D2              *R~P~*             9.11               6.07                4.56                                                                       6.4 ± 0.2

^a^400 MHz, 25°C, D~2~O referred to TSP.

^b^Average BH~3~-H3′distances were calculated by molecular dynamics simulations as described in the Materials and Methods section and are shown as mean ± SD.

###### 

Intermolecular base-stacking of cap analogs 1--3

  Dinucleotide      \% of stacked conformation^a^                
  ----------------- ------------------------------- ------------ ------------
  m^7^Gppp~X~G D1   **1a**                          41.4 ± 0.4   55.5 ± 0.2
  m^7^Gppp~X~G D2   **1b**                          64.3 ± 0.6   63.4 ± 2.4
  m^7^Gpp~X~pG D1   **2a**                          52.5 ± 0.5   61.8 ± 0.7
  m^7^Gpp~X~pG D2   **2b**                          54.1 ± 0.5   60.8 ± 0.2
  m^7^Gp~X~ppG D1   **3a**                          60.1 ± 0.6   28.9 ± 0.1
  m^7^Gp~X~ppG D2   **3b**                          44.2 ± 0.4   60.9 ± 1.4

^a^The extent of stacking was determined in 0.1 M phosphate buffer, pH 5.2, at 20°C from the fluorescence intensity of 7-methylguanosine as described in the Materials and Methods section. The data represent the mean ± SD.

###### 

Susceptibility of BH~3~-analogs to the decapping scavenger (DcpS) under high enzyme concentrations (*Assay II*)

                                Percent of cleavage, *x* (%) ^a^               
  -------- -------------------- ---------------------------------- ----- ----- -----
           m^7^GpppG            100                                100   100   100
  **2a**   m^7^Gpp~BH3~pG D1    3                                  12    100   100
  **2b**   m^7^Gpp~BH3~pG D2    3                                  19    90    100
  **3a**   m^7^Gp~BH3~ppG D1    2                                  11    1     6
  **3b**   m^7^Gp~BH3~ppG D2    27                                 98    50    97
  **4**    m^7^Gpp~BH3~pm^7^G   2                                  3     20    60
           m^7^Gp~S~ppG D1      1                                  4     15    74
           m^7^Gp~S~ppG D2      0                                  0     0     0
           m^7^Gpp~S~pG D1      100                                100   100   100

^a^Reactions contained the DcpS enzyme at 200 nM and cap analogs at 15 μM in 50 mM Tris·HCl buffer, containing 200 mM KCl, 0.5 mM EDTA and 1 mM DTT (final pH 7.6), at 20ºC. Samples collected at various time points were pretreated as described in the Materials and Methods section and analyzed using RP HPLC with absorbance detection at 260 nm and fluorescence detection at 337 nm (excitation at 280 nm). The percentage of hydrolyzed cap (*x*) was calculated according to the equation *x* = (A~P1~+A~P2~)/(A~P1~+A~P2~+1.1**·**A~S~)**·**100%, where A~P1~, A~P2~ and A~S~ are areas of the peaks corresponding to the GDP-like or GDP-derived product, m^7^GMP-like product and substrate, respectively. A~S~ is multiplied by factor 1.1 to compensate for the extinction coefficient change upon hydrolysis. Standard deviation of *x* is less than 5%.

The assay was performed using DcpS from humans and from *C. elegans*. High enzyme concentration was used to select analogs suitable for the fluorescence-based binding assay. The reactions were monitored by HPLC as described in the Materials and Methods section, *Assay II*. The results were compared to the unmodified parent cap (m^7^GpppG) and selected S-analogs. Compounds **1a** and **1b** were not included in this assay since even under lower enzyme concentrations they were hydrolyzed by DcpS with rates comparable to m^7^GpppG.

###### 

Equilibrium association constants (*K*~AS~) for the complexes of mouse eIF4E(28--217) with dinucleotide cap analogs substituted in the phosphate chain with BH~3~ or S

  No.      Compound                         *K*~AS~ (μM^−1^)^a^
  -------- -------------------------------- ---------------------
           m^7^GpppG^b^                     12.5 ± 0.3
           m~2~^7,2′-*O*^GpppG^c^           10.8 ± 0.3
           m^7^Gpppm^7^G^b^                 5.0 ± 0.2
  **1a**   m^7^Gppp~BH3~G D1                14.5 ± 0.2
  **1b**   m^7^Gppp~BH3~G D2                14.4 ± 0.6
  **2a**   m^7^Gpp~BH3~pG D1                44.0 ± 1.8
  **2b**   m^7^Gpp~BH3~pG D2                13.0 ± 0.2
  **3a**   m^7^Gp~BH3~ppG D1                9.6 ± 0.3
  **3b**   m^7^Gp~BH3~ppG D2                17.3 ± 0.2
  **4**    m^7^Gpp~BH3~pm^7^G^d^            11.1 ± 0.2
  **5a**   m~2~^7,2′-*O*^Gppp~BH3~G D1      15.3 ± 0.2
  **5b**   m~2~^7,2′-*O*^Gppp~BH3~G D2      16.0 ± 0.4
  **6a**   m~2~^7,2′-*O*^Gpp~BH3~pG D1^d^   39.4 ± 1.2
  **6b**   m~2~^7,2′-*O*^Gpp~BH3~pG D2^d^   13.2 ± 0.2
           m^7^Gp~S~ppG D1^c^               30.8 ± 0.5
           m^7^Gp~S~ppG D2^c^               10.0 ± 0.2
           m^7^Gpp~S~pG D1^c^               45.0 ± 1.1
           m^7^Gpp~S~pG D2 ^c^              23.0 ± 0.4

^a^50 mM HEPES/KOH (pH 7.2), 100 mM KCl, 0.5 mM EDTA and 1 mM DTT at 20°C.

^b^Data from ([@B34]).

^c^Data from ([@B7]).

^d^Data from ([@B35]).

The *K*~AS~ values were determined by time-synchronized fluorescence quenching titration as described in the Materials and Methods section.

###### 

Binding affinities of the unhydrolyzable BH~3~-analogs for the human and *C. elegans* DcpS

  No.      Compound                      *K*~AS~ for hDcpS^a^ (μM^−1^)   *K*~AS~ for *Ce*DcpS^a^ (μM^−1^)
  -------- ----------------------------- ------------------------------- ----------------------------------
           m^7^GpppG                     n.d. (hydrolyzed)               n.d. (hydrolyzed)
           m^7^GDP                       114 ± 8^b^                      97 ± 12^c^
  **2a**   m^7^Gpp~BH3~pG D1             63.2 ± 3.1                      n.d. (hydrolyzed)
  **2b**   m^7^Gpp~BH3~pG D2             40.7 ± 2.6                      n.d. (hydrolyzed)
  **3a**   m^7^Gp~BH3~ppG D1             77.4 ± 5.4                      40.0 ± 1.9
  **3b**   m^7^Gp~BH3~ppG D2             n.d. (hydrolyzed)               n.d. (hydrolyzed)
  **4**    m^7^Gpp~BH3~pm^7^G            67.1 ± 8.5                      n.d. (hydrolyzed)
  **6a**   m~2~^7,2′-*O*^Gpp~BH3~pG D1   64.6 ± 6.0                      n.d. (hydrolyzed)
  **6b**   m~2~^7,2′-*O*^Gpp~BH3~pG D2   55.3 ± 6.4                      n.d. (hydrolyzed)
           m^7^GpNHppG                   218 ± 24^d^                     66 ± 9^c^
           m^7^GpCH~2~ppG                234 ± 14^e^                     8.6 ± 0.4^c^
           m^7^Gp~S~ppG D1               146 ± 6^b^                      n.d. (hydrolyzed)
           m^7^Gp~S~ppG D2               121 ± 10^b^                     69 ± 6^c^

^a^Determined in 50 mM Tris HCl, 200 mM KCl, 0.5 mM EDTA and 1 mM DTT (final pH 7.6) at 20.0 ± 0.3°C.

^b^Data from ([@B36]).

^c^Data from ([@B31],[@B37]).

^d^Data from ([@B9]).

^e^Data from ([@B6]).

n.d.: the *K*~AS~ value could not be determined because the analog was not sufficiently stable in the presence of enzyme.

The equilibrium association constants for cap--DcpS complexes were determined by time-synchronized fluorescence quenching titration as described in the Materials and Methods section. Corresponding data for selected previously reported DcpS-resistant cap analogs are included for comparison.

###### 

Inhibition of translation of luciferase mRNA by BH~3~-analogs in RRLs

                               Setup A (no pre-incubation) IC~50~ (μM)^a^   Setup B (cap pre-incubated) IC~50~ (μM)^a^
  ---------------------------- -------------------------------------------- --------------------------------------------
  m^7^GpppG                    8.30 ± 0.47 (*n* = 10)                       27.1 ± 1.9 (*n* = 8)
  m^7^Gppp~BH3~G D1 (**1a**)   2.94 ± 0.28 (*n* = 2)                        8.35 ± 1.76 (*n* = 2)
  m^7^Gppp~BH3~G D2 (**1b**)   2.83 ± 0.16 (*n* = 2)                        14.90 ± 0.56 (*n* = 2)
  m^7^Gpp~BH3~pG D1 (**2a**)   1.27 ± 0.07 (*n* = 7)                        1.16 ± 0.10 (*n* = 6)
  m^7^Gpp~BH3~pG D2 (**2b**)   4.09 ± 0.33 (*n* = 3)                        3.15 ± 0.58 (*n* = 3)
  m^7^Gp~BH3~ppG D1 (**3a**)   4.31 ± 0.71 (*n* = 4)                        3.66 ± 0.28 (*n* = 2)
  m^7^Gp~BH3~ppG D2 (**3b**)   3.26 ± 0.28 (*n* = 4)                        5.50 ± 0.50 (*n* = 2)
  m^7^Gpp~BH3~pm^7^G (**4**)   2.77 ± 0.10 (*n* = 3)                        2.76 ± 0.14 (*n* = 4)

^a^Cap analog concentration (in μM) at which cap-dependent translation in RRL is reduced by 50%. Presented IC~50~ values are means of 2--10 experiments and normalized to the IC~50~ value of m^7^GpppG = 8.3 (as described in ([@B22])).

In experimental setup A, the cap analog and luciferase mRNA were added to RRL at the same time point. In setup B the cap analog was preincubated in RRL for 60 min prior to addition of mRNA (Supplementary Figure S6). A relative loss of inhibitory properties in setup B indicates for susceptibility to degradation in RRL.

###### 

The influence of different mRNA cap analogs on luciferase expression in hiDCs

  5′-cap analog                          Translational efficiency^a^   Time of max. (h)   Total protein expression^a^
  -------------------------------------- ----------------------------- ------------------ -----------------------------
  m~2~^7,3′-*O*^GpppG                    1.00 ± 0.00                   11.45 ± 0.07       1.00 ± 0.01
  m^7^GpppG                              0.63 ± 0.02                   8.95 ± 0.07        0.41 ± 0.02
  m~2~^7,2′-*O*^Gpp~S~pG D1              1.29 ± 0.16                   15.55 ± 0.21       2.19 ± 0.22
  m~2~^7,2′-*O*^Gpp~S~pG D2              1.78 ± 0.33                   10.75 ± 0.21       1.60 ± 0.25
  m^7^Gpp~BH3~pm^7^G (**4**)             0.94 ± 0.04                   10.80 ± 0.00       0.83 ± 0.03
  m~2~^7,2′-*O*^Gpp~BH3~pG D1 (**6a**)   1.11 ± 0.15                   17.45 ± 0.21       2.25 ± 0.35
  m~2~^7,2′-*O*^Gpp~BH3~pG D2 (**6b**)   1.37 ± 0.03                   12.65 ± 0.07       1.66 ± 0.02

^a^Values are given relative to results for ARCA-capped mRNA.

Experimental data depicted in Figure [8](#F8){ref-type="fig"} were fitted using spline interpolation which produces values of translational efficiency (maximal slope), functional RNA stability (time point of maximal protein expression) and the total protein expression (integral of the curve), as induced by the differentially 5′-capped mRNAs (listed are averaged values from duplicate measurements ± SD).

RESULTS {#SEC3}
=======

Synthesis and characterization of cap BH~3~-analogs {#SEC3-1}
---------------------------------------------------

### Chemical synthesis {#SEC3-1-1}

The chemical synthesis of BH~3~-analogs **1--6** was based on phosphorimidazolide chemistry and boranophosphate-containing nucleotides as nucleophiles (Figures [3--5](#F3 F4 F5){ref-type="fig"}). For all the compounds shown, several routes and reaction conditions were tested to select the ones that were most efficient and potentially suitable for up-scaling. As a starting point, we chose conditions that had proven to be effective for the synthesis of S-analogs, i.e. coupling a nucleoside phosphorimidazolide with a modified-phosphate-bearing nucleophile in DMF in the presence of ZnCl~2~ excess ([@B7],[@B38]). However, we found that the optimal conditions for the synthesis of boranophosphate cap analogs are different because of different chemical properties and stability of the boranophosphate nucleotides. The synthesis of cap analog **1** modified at the α-position of the triphosphate bridge was attempted by coupling of guanosine 5′-monoboranophosphate (**7**) with a 7-methylguanosine diphosphate P-imidazolide derivative (**8**). First, **7** was synthesized from guanosine 5′-H-phosphonate via boronation of a trimethylsilylated intermediate (Figure [3](#F3){ref-type="fig"}) ([@B39]). Although the conversion was almost quantitative, the isolated yield was only 60% because of partial hydrolysis during reaction work-up and purification on DEAE Sephadex ion-exchange resin. A pilot coupling reaction between **7** and **8** in the presence of a ZnCl~2~ excess, monitored using RP HPLC, revealed formation of the desired product (**1**) but also a significant level of P-BH~3~-bond cleavage resulting in the conversion of **7** to guanosine 5′-(H-phosphonate). Therefore, we tested other metal ions and conditions to optimize the reaction (Supplementary Table S1). The reaction was most efficient in the presence of 8 equiv. of MgCl~2~ in DMF, although its progress was rather slow because the final conversion was achieved only after 7 days. It could be accelerated by addition of up to 10% of water to DMF, which probably increased solubility of the magnesium chloride. However, this also caused hydrolysis of **7** to guanosine and boranophosphate, which diminished the overall yield (for the same reason, coupling in fully aqueous media gave poor results; Supplementary Table S1). Synthesis of **1** could be, however, shortened to 10 h without compromising the yield by using microwave irradiation ([@B39]). Under optimized conditions, the synthesis was completed with a 62% isolated yield. The formation of a new pyrophosphate bond resulted in the new stereogenic phosphorus center and the presence of two P-diastereomers of the desired cap analog. These diastereomers were separated by RP HPLC and designated D1 (**1a**) and D2 (**1b**), based on their elution order (Figure [2C](#F2){ref-type="fig"}). They were analyzed as diastereomerically pure forms in the subsequent experiments. Using analogous conditions for the reaction of **7** with **9**, two diastereomers of the ARCA modified at the α-position (**5**) were synthesized with a 60% yield.

To synthesize cap analogs modified at the γ-position (**3**), we initially tried a similar strategy. Hence, 7-methylguanosine monoboranophosphate (**10**) was synthesized from **7** by treatment with methyl iodide in DMSO. A level of cleavage up to 10% of the monoboranophosphate to H-phosphonate and oxidation to a monophosphate (m^7^GMP) were observed under these conditions. Despite these side-reactions and hydrolysis during reaction work-up, the product (**10**) was isolated with a 52% yield. Next, **10** was subjected to coupling with **11** under conditions analogous to those for **1**. However, formation of the desired product was not observed, even after a long reaction period and under variously altered conditions. Only formation of nucleotides derived by hydrolysis- and self-coupling (GDP and Gp~4~G) was observed, and compound **10** was gradually hydrolyzed to 7-methylguanosine and inorganic boranophosphate. Therefore, **3** was synthesized by a different route in which the dinucleotide was formed after formation of 7-methylguanosine α-boranodiphosphate (**13**) and guanosine 5′-phosphorimidazolide (**14**). Guanosine α-boranodiphosphate (**12**) was first synthesized from **7** and (2-cyanoethyl)phosphorimidazolide lithium salt ([@B39]) and then methylated at the *N*^7^ position using methyl iodide in DMSO to afford **13**. In contrast to the synthesis of **10**, no side-processes associated with boranophosphate cleavage to H-phosphonate, hydrolysis or oxidation were observed upon treatment with methyl iodide. Consequently, compound **13** was isolated in a 70% yield. The MgCl~2~-mediated coupling of **13** with **14** was also efficient with only a few hours required for completion.

Finally, we attempted the synthesis of cap dinucleotides modified at the β-position of the triphosphate bridge (**2**, **4** and **6**). First, a symmetrical dinucleotide, diguanosine 5′-(2-boranotriphosphate) (**15**) was obtained by coupling of GMP-Im (**14**) excess with boranomonophosphate. Then, **15** was *N*^7^-methylated with methyl iodide in DMSO. The formation of two products was observed, a single-methylated cap analog **2** and double-methylated cap analog **4** (Supplementary Figure S1). The reaction required careful monitoring by HPLC to avoid pyrophosphate cleavage side-reactions. The double methylated (two-headed) cap analog **4** was expected to be a useful reagent for synthetic mRNA preparation as due to its pseudo-symmetry it has no P-diastereomers and due to the presence of two m^7^G moieties it cannot be incorporated into mRNA in the 'reverse' orientation. Therefore, **4** was synthesized also by direct coupling of 7-methylguanosine 5′-phosphorimidazolide (**16**) with boranophosphate, which resulted in a 57% yield. The synthesis of ARCA modified at the β-position (**6**) was attempted using a two-step route proceeding through a nucleoside 2-boranodiphosphate intermediate. Unfortunately, both guanosine 2-boranodiphosphate and *N*^7^,2′-*O*-dimethylguanosine 2-boranodiphosphate (synthesized by coupling of the corresponding nucleoside phosphorimidazolide with excess boranophosphate) intermediates were not sufficiently stable to be isolated (quickly hydrolyzed to nucleoside monophosphates and boranophosphate anion). Therefore, cap analog **6** was synthesized by a one-pot approach in which the unstable intermediate was subjected to coupling with **14** without isolation. Due to formation of by-products in the self-coupling reaction, the desired compound **6** was isolated with a 41% yield.

To broaden the scope of our chemical approach, we attempted the synthesis of other boranophosphate-modified nucleotides (Figure [6](#F6){ref-type="fig"}). To synthesize diadenosine (1,3-diboranophosphate) (**21**), an analog of Ap~3~A bearing two boranophosphate groups (at the α- and γ- positions) (Scheme 4A), adenosine 5′-boranophosphate (**18**) was first obtained from adenosine H-phosphonate similarly to **7** and then converted into adenosine α-boranodiphosphate (**19**) by coupling with (2-cyanoethyl)phosphorimidazolide ([@B39]). Then, **19** was converted into its P-imidazolide derivative (**20**), showing that α-boranodiphosphates (in contrast to α-thiodiphosphates) may be efficiently converted to *P^2^*-electrophilic species. As a result of coupling **20** with **18** in the presence of MgCl~2~ compound **21** was isolated with a 70% yield after DEAE Sephadex chromatography as a mixture of three diastereomers (D1-*S~P~,S~P~*, D2-*S~P~,R~P~* and D3-*R~P~,R~P~*), which could be partially resolved using RP HPLC (Supplementary Figure S2). We also tested whether nucleoside 5′-boranophosphates can be used as starting materials for the synthesis of nucleoside α-boranotriphosphates by coupling with pyrophosphate P1,P2-diimidazoyl derivative (**22**) (Figure [6](#F6){ref-type="fig"}) ([@B40]). If a 4-fold excess of **22** was used in coupling with **7** or **18** almost exclusive formation of nucleoside guanosine (**23**) and adenosine α-boranotriphosphates (**24**), respectively, was observed. Small amounts of nucleoside 5′-α-boranopentaphosphates were also formed under these conditions and their fraction could be elevated by increasing the excess of **22**. After aqueous work-up and ion-exchange purification, **23** and **24** were isolated with a 44% and a 52% yield, respectively.

![Synthesis of guanosine and adenosine α-boranotriphosphates and diadenosine 1,3-diboranotriphosphate by means of phosphorimidazolide chemistry.](gku757fig6){#F6}

### Spectroscopic and stereochemical characterization {#SEC3-1-2}

All the synthesized analogs, after being resolved into pure P-diastereomers using RP HPLC, were characterized by mass spectrometry, NMR, and UV-VIS absorption and emission spectroscopy to confirm their structures and homogeneities and to determine the extent to which the presence of the boranophosphate moiety influences basic physicochemical properties of the cap. Since the cap BH~3~-analogs and related nucleotides were diastereomerically pure, we attempted assignment of stereogenic P-center configurations by correlation with structurally related compounds (Table [2](#tbl2){ref-type="table"}) ([@B41],[@B42]). The most straightforward was the analysis of cap analogs **1** and **4** modified at the α-position because they could be correlated with GDPαBH~3~ diastereomers, for which absolute P-stereochemistry had been determined previously ([@B41]). The reaction of **8** with GDPαBH~3~, D1 (*R~P~*-isomer, **12a**) produced the faster eluting diastereomer of m^7^Gppp~BH3~G, D1 (**1a**), indicating simply that **1a** has the same (*R~P~*) configuration as **12a**. Similarly, the configuration was assigned for the diastereomers of m~2~^7,2′-*O*^Gppp~BH3~G (**5**). To determine the absolute configurations of m^7^Gp~BH3~ppG P-diastereomers (**3a** and **3b**), we first correlated the stereochemistry of GDPαBH~3~ (**12**) with m^7^GDPαBH~3~ (**13**). HPLC monitoring of the methylation reaction of an unequimolar diastereomeric mixture of **12a** and **12b** revealed that the order of elution of the methylated products, **13a** and **13b**, from an RP HPLC column was reversed compared to the unmethylated substrates (Supplementary Figure S3). In a separate experiment, we confirmed that GDPαBH~3~, D1 (**12a**) produces exclusively m^7^GDPαBH~3~, D2 (**13b**) upon treatment with methyl iodide, i.e. both compounds have the same (*R~P~*) absolute configuration. When the diastereomers of **13** were coupled to **14** to produce dinucleotide cap analog **3**, the order of elution was preserved, meaning the slower-eluting m^7^Gp~BH3~ppG, D1 (**3b**) has the *R~P~* configuration. The absolute configuration of cap analogs modified at the β-position remains to be determined.

Subsequently, we investigated basic conformational properties of the BH~3~-analogs. In dinucleotides such as m^7^GpppG, the positively charged 7-methylguanine has a strong tendency to form cation--π complexes with the second nucleobase, in a base-stacking interaction ([@B30]). Hence, cap analogs in solution are in a dynamic equilibrium between stacked and unstacked conformations. In the stacked conformation, the intrinsic fluorescence of 7-methylguanosine is partially quenched. Hence, the proportion of the two forms can be calculated from the relative fluorescence intensity. For BH~3~-analogs **1a--3b**, the values for % stacking ranged from 41% to 65% compared to 61% for m^7^GpppG (Table [3](#tbl3){ref-type="table"}), being in the typical range of other cap dinucleotides and being generally similar to the values of corresponding S-analogs ([@B27]). For dinucleotides with the modified-phosphate group adjacent to a nucleoside moiety (either G or m^7^G), the analogs bearing an O to BH~3~ or O to S substitution at the *pro-S~P~*-position (i.e. *R~P~* BH~3~-analogs and *S~P~* S-analogs) had an up to 30% lower fraction of the stacked form than corresponding *pro-R~P~*-substituted analogs, or unmodified analog. More detailed information on the conformation of nucleoside moieties, e.g. the ribose puckering, can be derived from ^1^H NMR data. The *S* and *N* conformer populations for both guanosine and 7-methylguanosine in cap analogs **1--6** and in other synthesized boranophosphate-containing nucleotides are in the range of typical values (Supplementary Table S2).

^1^H NMR chemical shifts have also been shown to be useful for predicting the *S~P~/R~P~* configurations around phosphorus centers ([@B41],[@B42]). It has been reported that the *δ* ppm values for H8 protons of purine nucleotides such as NTPαX and NDPαX (*N* = A or G, *X* = S or BH~3~) are particularly useful for assigning the absolute configuration to stereogenic α-phosphorus atoms ([@B41],[@B42]). According to the previous observations, the diastereomer migrating faster in an RP HPLC column (D1) is the *pro*-*S~P~* oxygen substituted isomer (i.e. with α-S *S~P~* or α-BH~3~ *R~P~* configuration) and has less shielded H8 protons (*i.e.* with a higher *δ*-ppm value compared to D2). We compared the *δ*-ppm ^1^H NMR for the diastereomeric pairs of all synthesized mono- and dinucleotides modified with boranophosphate at a position adjacent to the nucleoside (e.g. guanosine for compounds **1, 4, 12** and 7-methylguanosine for compounds **3, 13**; and others) and some of their phosphorothioate counterparts (Supplementary Table S2). The great majority of these compounds followed the rule reported previously in the literature, i.e. for BH~3~-analogs the diastereomer of *R~P~* configuration (eluted as 'faster', i.e. D1) had a more deshielded H8 proton (just like S-analogs with *S~P~* configuration). Differences of +0.1 to +0.5-ppm *Δδ*~H8~ between *S~P~* and *R~P~* isomers were observed, except in two examples. For compound **13** (m^7^GDPαBH~3~), neither the order of elution nor the H8 chemical shift followed this rule (D1 isomer = *S~P~*; *Δδ*~H8~ = --0.09 ppm; Table [3](#tbl3){ref-type="table"}). In cap analog **3** (m^7^Gp~BH3~ppG), the order of HPLC elution was reversed, but the H8 proton shift correlated with the absolute configuration as previously reported with *Δδ*~H8~ of +0.10 ppm. Therefore, the absolute configuration assignment for those compounds based just on RP HPLC mobility and ^1^H NMR data could be incorrect. However, for all tested BH~3~-analogs even greater differences than those for H8 protons in the *S~P~* and *R~P~* isomers were observed for the corresponding H3′ protons with *Δδ*~H3'~ always positive (Table [3](#tbl3){ref-type="table"}). This effect appeared to be independent of the ribose conformation because it was observed both for standard purine nucleotides (C2′ endo prevalent) and for m^7^G nucleotides (C3′ endo prevalent) (Supplementary Table S1 and Supplementary Figure S4). Therefore, the H3′ proton shift may be more reliable for the analysis of P-center absolute configurations in boranophosphate nucleotide analogs. The same rule could be applied to the phosphorothioate nucleotides, but the Δ*δ*~H3′~ differences were smaller, and for some nucleotides (but not m^7^G ones), the H3′ signals of D1 and D2 did not differ. Molecular dynamics simulations for m^7^GDPαX and GDPαX, where X is either BH~3~ or S, confirmed that the average X-H3′ distances were different for *S~P~* and *R~P~* stereoisomers (Table [3](#tbl3){ref-type="table"}).

BIOLOGICAL PROPERTIES {#SEC4}
=====================

Susceptibility to degradation by DcpS {#SEC4-1}
-------------------------------------

DcpS belongs to the HIT protein family of pyrophosphatases, ([@B43]) which contain a conserved Histidine Triad (HIT) motif, His-X-His-X-His. The enzyme cleaves m^7^GpppN dinucleotides and short capped mRNA oligonucleotides, but not long capped mRNAs ([@B17]). Human DcpS (hDcpS) cleaves dinucleotides such as m^7^GpppG exclusively between the γ- and β-phosphates to release m^7^GMP and GDP, performing its catalysis via the attack of His 277 (middle histidine of the HIT motif) at the cap\'s γ-phosphate. Consequently, replacing the β--γ bridging oxygen by a CH~2~ or NH group or one of the non-bridging γ-oxygens by sulfur produces hDcpS-resistant cap analogs ([@B14]). In contrast, corresponding modifications at the bridging α/β-position or non-bridging α- and β-positions do not confer resistance. To evaluate the influence of boranophosphate substitutions on the susceptibility to DcpS, we studied the DcpS-mediated hydrolysis of BH~3~-analogs by an HPLC-based assay, under experimental conditions enabling comparison of our data with results on previously reported cap analogs (a 40-μM cap analog and a 100-nM enzyme; the Materials and Methods section, *Assay 1*). In addition to hDcpS, we studied its *C. elegans* homolog (*Ce*DcpS), ([@B44]) for which less data are available in the literature ([@B31],[@B37],[@B45]). Under the conditions tested, the reference cap, m^7^GpppG, was almost completely hydrolyzed within 15--30 min. Shown in Figure [7](#F7){ref-type="fig"} are representative HPLC profiles from the assay, and the results obtained for BH~3~-analogs with hDcpS and *Ce*DcpS are summarized in Supplementary Table S3. All BH~3~-analogs that under the same conditions were degraded by less than 10% within 2 h, compared to the control with no enzyme, were preliminarily assumed to be DcpS-resistant. The BH~3~-analogs varied in their susceptibility to DcpS from being comparable with m^7^GpppG to being resistant (Figure [7](#F7){ref-type="fig"}). In some cases, the susceptibility of particular analogs differed between hDcpS and *Ce*DcpS. For hDcpS, not only γ-modified (**3a** and **3b**), but also β-modified BH~3~-analogs (**2a, 2b** and **4**) turned out to be unhydrolyzable, which was unexpected because the corresponding β-phosphorothioates are good substrates for hDcpS ([@B7]). In contrast, for *Ce*DcpS, only the analogs modified at the γ-position were resistant to degradation by *Ce*DcpS, whereas the other BH~3~-analogs were susceptible, however, the β-modified ones were hydrolyzed substantially slower than m^7^GpppG. To verify the resistance under more rigorous conditions of binding studies, we performed another assay under more rigorous conditions. In this experiment, 200-nM enzyme and 15-μM cap analog were used to emulate the final stages of a typical binding experiment (see the next subsection) (the Materials and Methods section, *Assay 2*). Some of the corresponding S-analogs were also included for comparison. The results of this assay (Table [4](#tbl4){ref-type="table"}) confirmed the unusual regioselectivity of hDcpS, as all β-BH~3~ analogs (**2a**, **2b** and **4**) were resistant to DcpS even under those more rigorous conditions. The two-headed analog **4** was the least susceptible boranophosphate cap analog in this study, with resistance comparable only to m^7^Gp~S~ppG D2. As expected, *Ce*DcpS hydrolyzed all β-borano cap analogs under high enzyme concentration (Table [4](#tbl4){ref-type="table"}). Interestingly, experiments on the γ-modified BH~3~-analogs revealed stereoselectivity of hydrolysis catalyzed by DcpS enzymes, regardless of their origin. Both human and *C. elegans* DcpS enzymes hydrolyze the D2 isomer of the γ-modified BH~3~-analog (**3b**; *R~P~* configuration), unlike its D1 counterpart (**3a**; *S~P~* configuration); 98% and 11% of hydrolysis after 90 min, respectively. The products of hydrolysis were m^7^GMPBH~3~ and GDP, meaning that the boranophosphate group was preserved during the reaction. No side-processes such as P-B-bond cleavage were detected, suggesting that the mechanism of hydrolysis remains essentially the same as for m^7^GpppG. For S-analogs, stereoselectivity toward the analog with the same spatial configuration was observed (i.e. m^7^Gp~S~ppG D1, *S~P~*). However, the difference was far less pronounced, as both stereoisomers were hydrolyzed not more than 10% after 180 min.

![Representative HPLC profiles from the DcpS-susceptibility assay at lower enzyme concentration (*Assay I*). BH~3~-analogs were incubated at 40 μM with 100-nM human or *C. elegans* DcpS and aliquots taken at different time points were analyzed by RP HPLC at 260 nm as described in the Materials and Methods section*.* The analogs that were hydrolyzed in less than 10% within 2 h were assumed to be resistant to DcpS (see Supplementary Table S2). The black arrow in each panel indicates the retention time at which the reaction substrate is eluted. The initial degradation products of β-modified analogs are m^7^GMP and guanosine β-boranodiphosphate (GDPβBH~3~); however, the latter is chemically labile and rapidly hydrolyses to GMP during high-temperature deactivation of the enzyme (data not shown).](gku757fig7){#F7}

Binding affinities for DcpS and eIF4E {#SEC4-2}
-------------------------------------

To determine the binding affinity of BH~3~-analogs for DcpS and eIF4E, we employed time-synchronized fluorescence-quenching titration method ([@B32],[@B46]). For DcpS, the binding affinity could be determined only for analogs that were resistant to hydrolysis at a high enzyme concentration present in the titration experiment, as described in the previous subsection. Representative titration curves are shown in Supplementary Figure S5, whereas the mean *K*~AS~ values for the eIF4E-cap and DcpS-cap complexes obtained from replicate experiments are summarized in Tables [5](#tbl5){ref-type="table"} and [6](#tbl6){ref-type="table"}, respectively, together with the same data for selected previously reported cap analogs ([@B9],[@B34]). These data indicate that the boranophosphate moiety, similarly to phosphorothioate moiety, does not destabilize the eIF4E-cap complex. The *K*~AS~ values for the BH~3~-caps were either equal to or higher than *K*~AS~ for the eIF4E-m^7^GpppG complex and were dependent on the position and absolute configuration of the stereogenic phosphorus center. For S-analogs, the D1 isomers have generally higher affinity to eIF4E than their D2 counterparts ([@B7]). This tendency was also observed in BH~3~-analogs, with exception of the m^7^Gp~BH3~ppG (**3**), for which D2 has 2-fold higher *K*~AS~ than does D1. This result is fully consistent with the finding that the BH~3~-γ-D2 isomer has the spatial configuration same as S-γ-D1. On the other hand, the boranophosphate moiety had a rather destabilizing effect on the hDcpS--cap complexes (Table [6](#tbl6){ref-type="table"}). A similar destabilizing effect was previously observed for S-analogs, but the BH~3~-analogs had hDcpS-*K*~AS~ values up to 2-fold lower. Hence, when compared to m^7^GpppG, the BH~3~-analogs may be considered as tight binders for eIF4E and rather poor binders for DcpS.

Inhibition of cap-dependent translation {#SEC4-3}
---------------------------------------

The potential of BH~3~-analogs as inhibitors of protein translation was tested *in vitro* in RRLs, where capped reporter luciferase mRNA was translated in the presence of various concentrations of an analyzed cap analog (Table [7](#tbl7){ref-type="table"} and Supplementary Figures S5 and S6). The IC~50~ values, resulting from fitting the experimental data to a theoretical curve as described in the Materials and Methods section, revealed that all tested BH~3~-analogs were generally better inhibitors of translation in this system than m^7^GpppG. Under the standard experimental conditions (experimental setup A; Table [7](#tbl7){ref-type="table"}, column A), in which the tested cap analog was added to the RRL at the same time point as mRNA (Supplementary Figure S6), the IC~50~ values for BH~3~-analogs ranged from 1.3 to 4.3 μM, compared to 8.3 μM for m^7^GpppG. To evaluate the stability of cap analogs in the cell lysate conditions, another type of experiment was performed (experimental setup B; Table [7](#tbl7){ref-type="table"}, column B) in which a cap analog was added to the RRL 60 min prior to the addition of mRNA and translation start. In this setup, some of the compounds lost their inhibitory properties to a significant extent. Only the compounds that were determined to be DcpS-resistant through the HPLC-based assay remained potent inhibitors after pre-incubation in RRL (Supplementary Figure S6 and Table [7](#tbl7){ref-type="table"}). There was no correlation between affinity for eIF4E and IC~50~ values, especially in the second experimental setup. M^7^Gpp~BH3~pG D1 (**2a**) and m^7^Gpp~BH3~pm^7^G (**4**) were the two most stable and potent inhibitors, being 6.3- and 2.9-fold more potent than m^7^GpppG, respectively, in the experiment without cap pre-incubation. After incubation in RRL the differences became even more pronounced (the corresponding IC~50~ values were, respectively, 23- and 10-fold lower than the IC~50~ of m^7^GpppG).

Translational efficiency in dendritic cells {#SEC4-4}
-------------------------------------------

Modified cap analogs are interesting not only as small molecules selectively targeting cap-related proteins. They have also been found to strongly influence the characteristics of mRNA once introduced into their 5′ end by *in vitro* transcription ([@B16],[@B47]). RNAs carrying boranophosphate cap structures **4**, **6a** and **6b** have been tested in a related study in HeLa cells ([@B35],[@B48]). However, differences in the effects of cap modifications in different cell types have been described ([@B12]). Therefore, we tested RNAs capped with boranophosphate caps in hiDCs, the major antigen-presenting cells of the immune system. These cells are of interest in terms of RNA-based immunotherapeutic approaches against cancer ([@B49]). Importantly, an increase in the efficacy of an mRNA-induced immune response against an RNA-encoded antigen by means of modified cap dinucleotides for respective 5′-capping has been described ([@B12]).

We decided to analyze the effects of ARCA-type analogs modified with a boranophosphate group at the β-position D1 and D2 (**6a** and **6b**) and the two-headed boranophosphate cap analog (**4**) on RNA stability and protein translation in antigen-presenting cells. We prepared *in vitro* transcribed mRNAs encoding the reporter protein luciferase and electroporated them into hiDCs. The effects on protein expression from respective 5′-capped mRNAs were analyzed and compared to the reference caps (m^7^GpppG and m~2~^7,3'-*O*^GpppG) and to the analogously substituted phosphorothioate caps (m~2~^7,2'-*O*^Gpp~S~pG D1 and D2; Figure [1](#F1){ref-type="fig"}). The latter, especially the D1 diastereomer, was previously shown to substantially increase the amount and duration of protein expression in hiDCs ([@B12]).

The effects of differentially 5′-capped mRNAs on protein translation in hiDCs were analyzed by measuring luciferase activity 72 h post-electroporation (Figure [8](#F8){ref-type="fig"}). Additionally, values for translational efficiency, the time point of maximal protein expression indicative for RNA stability and total protein expression were calculated and are summarized in Table [8](#tbl8){ref-type="table"}. Luciferase kinetics in hiDCs from RNAs into which the cap analogs m^7^GpppG, m~2~^7,3'-*O*^GpppG and m~2~^7,2'-*O*^Gpp~S~pG D1 or m~2~^7,2'-*O*^Gpp~S~pG D2 were inserted were similar to previously published data ([@B12]). The β-substitution of a non-bridging oxygen of the triphosphate chain with sulfur results in a significant increase of translational efficiency, functional RNA stability and of the amount of reporter protein produced from the respective RNAs. Although the D2 diastereomer has a stronger effect on initial translational efficiency, incorporation of the D1 diastereomer results in higher stability of the respective mRNA and eventually in a larger quantity of reporter gene product. Effects analogous to those reported for β-S-ARCA (D1 and D2) were observed for the two respective BH~3~-substituted diastereomers D1 and D2 (**6a** and **6b**) on protein expression profiles in hiDCs. Interestingly, not only the ratios of protein expression of D1-to-D2 diastereomers are comparable, but also the absolute increase induced with respect to reference RNAs with unmodified phosphate chains. The total protein expression for the D1 diastereomers relative to expression from ARCA-capped RNA was 2.19 ± 0.22 for the phosphorothioate-capped mRNA and 2.25 ± 0.35 for the mRNA carrying the boranophosphate cap **6a**, while the D2 diastereomers result in an increase of 1.60 ± 0.25 and 1.66 ± 0.02, respectively (Table [8](#tbl8){ref-type="table"}). The third boranophosphate cap tested, the two-headed cap analog with a substitution at the β-position (**4**), yielded an expression profile similar to that observed for unmodified ARCA. Thus, the two headed cap **4**, despite its advantages such as a straightforward synthetic route and pseudo-symmetric structure, is not preferable for augmenting the mRNA expression in hiDCs.

![The influence of different mRNA cap analogs on luciferase expression in human immature dendritic cells (hiDCs). After electroporation of respective 5′-capped mRNAs into hiDCs, luciferase activity was measured after 2, 4, 8, 24, 48 and 72 h (each experiment was performed in duplicate). The corresponding averaged bioluminescence signals are depicted as a function of time. The data are shown as mean ± SD.](gku757fig8){#F8}

DISCUSSION {#SEC5}
==========

Synthetic cap analogs are recognized by numerous proteins involved in mRNA metabolism and therefore are often used for studying cap-related processes. Increasing knowledge about these processes and a better understanding of pathological changes caused by their deregulation may contribute to the development of cap-based therapeutics. One potential application of small-molecular-weight cap analogs is their use as translation inhibitors in anti-cancer therapy intended to counteract elevated levels of the cap binding translation initiation factor 4E (eIF4E) ([@B14],[@B47]). Many types of cancer overexpress this oncogene, and targeting eIF4E through various experimental therapies has been shown to inhibit tumor growth ([@B50]). Several cap-derived translation inhibitors targeting eIF4E have also been proposed and some of them appear to be effective in cell lysates or in cultured cells ([@B22],[@B51]). However, several problems associated with therapeutic applications of cap analogs remain to be solved, including those associated with cap analog stability *in vivo*. All synthetic cap analogs are potential substrates for decapping scavenger enzyme (DcpS). In the cells, DcpS prevents accumulation of small capped (oligo)nucleotides (released as a result of mRNA turnover in the 3′ → 5′ route) that could interfere with cap-related processes ([@B17],[@B18]). Hence, DcpS would also pose a threat for intracellular delivered cap-derived (di)nucleoside oligophosphates designed for therapeutic applications. Therefore, developing and studying DcpS-resistant cap analogs may not only provide new insights into the mechanisms of decapping but also benefit the development of new inhibitors of cap-recognizing proteins. Moreover, DcpS itself has been identified as a therapeutic target in spinal muscular atrophy ([@B55]).

Synthetic cap analogs are also utilized for the synthesis of 5'-capped mRNAs by co-transcriptional capping. Using this method along with appropriately designed cap analogs, one can site-specifically introduce various chemical modifications into the 5' end of mRNA. The modifications may affect intrinsic properties of mRNA such as stability and translational efficiency, and this has been recently exploited for tuning properties of transcripts dedicated for therapeutic applications of exogenously delivered mRNAs.

Our main goal in this work was to synthesize and characterize a novel class of cap analogs--boranophosphate analogs (or BH~3~-analogs) and verify their utility as a tool for manipulation of the above-mentioned cap-dependent processes. We achieved this by developing efficient synthetic methods for BH~3~-analogs, stereochemical and physicochemical characterization of the synthesized compounds and finally studying their biochemical properties *in vitro* and *in vivo*.

Synthesis and physicochemical properties of BH~3~-analogs {#SEC5-1}
---------------------------------------------------------

The synthesis of boranophosphate analogs of nucleoside oligophosphates is usually accomplished by taking advantage of the reactivity of trivalent phosphorus derivatives. Several approaches for the synthesis of boranophosphate-containing mono- and dinucleoside oligophosphates have been developed on the basis of trivalent phosphorus chemistry, most of which encompass a reaction sequence consisting of 5′-phosphitylation of a suitably protected nucleoside, new pyrophosphate bond formation via a reaction with a phosphate-nucleophile, boronation with a BH~3~--Lewis base complex and finally an alkali-mediated removal of the protecting groups ([@B23],[@B41],[@B56]). However, such approach would not be applicable for our purpose, i.e. to the synthesis of dinucleotide mRNA cap analogs selectively modified with boranophosphate moiety at either α, β or γ-position of the 5′,5′-triphospjate bridge. The presence of two not identical nucleoside moieties, one of them being an alkali-sensitive nucleobase, 7-methylguanine, implied the necessity for a multistep, iterative synthesis. Therefore, the synthesis of BH~3~-analogs was carried out by another approach, which involved divalent metal ion-mediated formation of a pyrophosphate bond between phosphate (V) nucleophilic and electrophilic species ([@B39],[@B57],[@B61]). The optimization studies (Supplementary Table S1) indicate that the main factor influencing efficiency of the formation of a pyrophosphate bond between a nucleoside boranomonophosphate and a nucleotide imidazolide derivative is the stability of the former. Only if the processes of P-B-bond cleavage in the acidic conditions and hydrolysis of the 5'-phosphoester bond are suppressed, ([@B63]) may a dinucleotide be synthesized efficiently. The efficiencies and complexities of the synthetic paths varied depending on the position of the boranophosphate moiety and presence of additional methylations. However, for all BH~3~-analogs we eventually developed reasonably efficient synthetic pathways that enabled isolation of the target compounds in multi-milligram quantities and should be easily scalable even to multi-grams. In order to make our synthetic approach more general, we tested whether the boranophosphate nucleophiles may be used for the synthesis of other biologically important nucleotides. Consequently, we demonstrated that the approach is applicable not only to mRNA cap analogs but also to α-modified nucleoside triphosphates or double-modified (at the α- and γ-position) dinucleoside triphosphates.

The influence of a boranophosphate group on cap analog conformation was analyzed based on the fluorescence and NMR data. Important determinants of the conformation of dinucleoside oligophosphates in solution are stacking interactions between two nucleoside moieties. As shown in Table [3](#tbl3){ref-type="table"}, the O to BH~3~ substitutions generally only slightly affected the extent of stacking. Only for cap analogs for which the γ or α non-bridging *pro-S~P~* oxygen atom was substituted with BH~3~ the fraction of stacked conformation was noticeably lower compared to m^7^GpppG, suggesting that these substitutions may somehow affect the overall conformation of the dinucleotide. The data for BH~3~-analogs and their phosphorothioate congeners, S-analogs, corresponded well, indicating for similarities rather than differences between the two modifications. The sugar puckering in BH~3~-analogs determined from ^1^H NMR data was also typical. For dinucleotides such as m^7^GpppG, the populations of guanosine *N* (C3′-endo) and *S* (C2′-endo) conformers in dynamic equilibrium are close to the populations of 5′-GMP (65 ± 5% *S* and 35 ± 5% *N*) ([@B27]). In contrast, for 7-methylguanosine a characteristic increase in the amount of the *N* conformer occurs (up to 65%), which can be most easily observed in the ^1^H NMR spectrum judging by the decrease in the ^3^*J*~H1′-H2′~ coupling constant from ∼6 Hz to ∼3 Hz. For all BH~3~-analogs (**1--6**) and other nucleotides such as NDPαBH~3~ (**12**, **13**, **20**), NTPαBH~3~ (**23**, **24**), Gpp~BH3~pG (**15**) and Ap~BH3~pp~BH3~A (**21**), ^1^H-^1^H coupling constant values are close to those for the unmodified parent compounds (Supplementary Table S2). The ribose conformations did not vary between the P-diastereomers. Hence, one can assume that the differences in biological properties between phosphate unmodified analogs, BH~3~-analogs and S-analogs are caused by different geometry and electronic structure of the boranophosphate group rather than by significant conformational changes induced by its presence.

Recognition by DcpS and eIF4E {#SEC5-2}
-----------------------------

The effect of a boranophosphate group on the cap recognition by DcpS and eIF4E was then investigated. As generally expected on the basis of the proposed hDcpS mechanism and studies on previously synthesized cap analogs, the O to BH~3~ substitution at the γ-position decreased the susceptibility to DcpS significantly. However, quite surprisingly also BH~3~-analogs modified at the β-position of the triphosphate bridge were resistant to hDcpS, which was in contrast to the corresponding β-S-analogs. To find a plausible explanation for the observed differences between β-S- and β-BH~3~-analogs, we analyzed available crystallographic data for hDcpS H277N mutant in complexes with cap analogs, m^7^GpppG (PDB entry 1ST0; ([@B17]) and m^7^GpppA (PDB entry 1ST4) ([@B17]) (Figure [9](#F9){ref-type="fig"}). The structures reveal that hDcpS is a homodimeric protein, which includes two dimeric domains, N- and C-terminal. The DcpS dimer is asymmetric, i.e. if one active site is in the open conformation, then the other is closed. In the crystal structures two cap ligands are coordinated to DcpS, one accommodated in the open and one in the closed conformation on opposite sides of the dimer. Both m^7^GpppG and m^7^GpppA bound at the open site adopt extended conformations with most of the contacts to the protein made by the m^7^G (to Trp 175, Leu 206, Tyr 273 and others) and the γ-phosphate (to His 279 and Tyr 273), and few (if any) by the β- and α-phosphates or the second nucleoside (G or A) (Figure [9](#F9){ref-type="fig"}). In the closed conformation, the m^7^G and γ-phosphate make virtually the same contacts as in the open conformation, but additional contacts are made by the β- and α-phosphates and the second nucleoside. The closed cap-binding pocket is much tighter, which results in a characteristic 'bent' alignment of the triphosphate bridge (Figure [9](#F9){ref-type="fig"}). The β-phosphate, which serves as a leaving group in the catalytic process, is stabilized in the closed state by numerous hydrogen bonds to side chains of Ser 272, Lys 142 and Arg 294, although functional studies revealed that those amino acids are not essential for catalytic activity as much as e.g. His 277 or His 279 ([@B18]). The somehow different alignment of the α- and β-phosphates for m^7^GpppG and m^7^GpppA suggests that some structural flexibility of the triphosphate bridge is still possible even in the closed conformation ([@B17]). The resistance of γ-BH~3~ and γ-S-analogs may result from disruption of the transition state geometry by the S or BH~3~ substituents, because they are more bulky than oxygen. In the case of the β-borano cap analogs, the resistance to hDcpS could also result from the bulkiness of the BH~3~ group compared to oxygen. However, we consider this hypothesis less likely to be true, because the corresponding S-analogs are readily hydrolyzed by DcpS and there is very little structural difference between boranophosphates and phosphorothioates in terms of bond lengths, geometry and bulkiness as well as the spectroscopic characterization indicated very little influence of the β-phosphate modifications on the overall conformation of a cap analog. Alternatively, due to the lack of H-bond acceptor properties of the BH~3~ group, the β-phosphate may not be sufficiently stabilized by the surrounding amino acid side chains to serve as a good leaving group ([@B17]). The relatively low binding affinity of all BH~3~-analogs compared to other hDcpS-resistant analogs (Table [6](#tbl6){ref-type="table"}) indirectly supports such assumption. Interestingly, *Ce*DcpS recognizes BH~3~-analogs with different specificity. In particular, the β-BH~3~-analogs are more readily hydrolyzed than by hDcpS. Only γ-modified analog **3a** was sufficiently stable under high *Ce*DcpS concentrations in order to determine the *K*~AS~ value for the complex, whereas for hDcpS *K*~AS~ values was determined for six analogs (**2a**, **2b**, **3a**, **4**, **6a** and **6b**). These observations are in general agreement with the current knowledge on *Ce*DcpS, which has a broader substrate specificity than hDcpS ([@B45]). Nonetheless, both enzymes share common stereoselectivity by hydrolyzing the *R~P~* isomer of γ-BH~3~-analog of configuration (**3b**), but not the *S~P~* isomer (**3a**). Unfortunately, neither apo nor cap-bound X-ray structures have been reported yet for *Ce*DcpS. The comparison of structures of the two enzymes in the context of observed similarities and differences in susceptibility of BH~3~-analogs could provide an interesting mechanistic insight into the DcpS enzymes in the future. It is worth mentioning that in a related biological study ([@B35]), compounds **4**, **6a** and **6b** were shown to render mRNA resistant to the decapping enzyme Dcp2, which, in contrast to DcpS, uses long capped RNAs as a substrate and cleaves the cap between α- and β-phosphates. Accordingly, this single β-BH~3~ for O substitution is the first described cap modification that makes the cap resistant to both decapping enzymes, DcpS and Dcp2, differing in their substrate-selectivity and regioselectivity.

![Effects of non-bridging phosphate chain modifications on the susceptibility of cap dinucleotides to cleavage by human DcpS: comparison between BH~3~-analogs (**A**) and S-analogs (**B**). The schematic map of plausible protein--ligand interactions is based on crystallographic structure of a catalytically inactivated hDcpS mutant (His 277→Asp) in complex with m^7^GpppG (PDB entry 1ST0 ([@B17])). The main difference between the O to BH~3~ and O to S substitutions is that the β-BH~3~ substitutions produce DcpS-resistant analogs, whereas corresponding β-S-analogs are good substrates for DcpS. A possible explanation is that the β-boranophosphate moiety, due to insufficient ability of the BH~3~ substituent to form hydrogen bonds, cannot be sufficiently stabilized as a leaving group by the basic amino acid residues in DcpS\'s cap-binding pocket. Some ribose and nucleobase interactions have been omitted for clarity.](gku757fig9){#F9}

The binding affinities for hDcpS, *Ce*DcpS and eIF4E provide further information on how the boranophosphate group influences interactions of cap analogs with proteins. Interestingly, the O to BH~3~ substitution has opposite effects on the binding to DcpS and to eIF4E. For eIF4E, the effect of O to BH~3~ substitution is generally stabilizing. The affinity of BH~3~ analogs for eIF4E varied depending on the position and stereochemistry of the substitution, but was either equal to or higher than affinity of m^7^GpppG reference complex (Table [5](#tbl5){ref-type="table"}), making the cap BH~3~-analogs (next to the S-analogs) the strongest phosphate-modified binders of eIF4E. In contrast, the affinities for hDcpS were generally lower compared with other cap analogs, making the cap BH~3~-analogs one of the poorest phosphate-modified ligands for DcpS (Table [6](#tbl6){ref-type="table"}). These striking differences may be explained on the basis of the properties of the two cap-binding pockets. The eIF4E\'s binding site is rather loose with a hydrophilic, positively charged slot responsible for electrostatic interactions with the negatively charged triphosphate chain of the cap. Since these interactions are crucial for the stabilization of the cap-eIF4E, high *K*~AS~ values for BH~3~-analogs indicate that the boranophosphate group is capable of maintaining electrostatic interactions with proteins, similarly as S-analogs. In contrast, the cap-binding site of hDcpS in the closed conformation is rather tight and provides numerous close H-bond contacts to the ligand bound. Accordingly, it has been found that various cap modifications that are generally accepted by eIF4E may significantly diminish affinity to hDcpS. The binding affinities of BH~3~-analogs to hDcpS were low compared to all other types of phosphate-modified cap analogs, including roughly 2-fold lower than affinities of corresponding S-analogs. These differences might be a consequence of the inability of the BH~3~-group to accept H-bonds, in contrast to S or O atoms. The DcpS-related differences between BH~3~- and S-analogs illustrate how boranophosphate and phosphorothioate nucleotides, though generally considered close mimics, can differ significantly in their biological activity.

BH~3~-analogs as inhibitors of translation {#SEC5-3}
------------------------------------------

Some of the BH~3~-analogs with higher affinity for the eIF4E translation factor and lower affinity and susceptibility to hDcpS than the native cap might serve as potent and selective inhibitors of protein translation that could counteract elevated levels of eIF4E in cancer cells. The inhibitory potency of the compounds was hence tested *in vitro* in RRLs. Two experimental setups A and B were used, one for testing the inhibitory potency alone and the other for testing the inhibitory potency in combination with functional cap stability in RRL (Table [7](#tbl7){ref-type="table"}). All BH~3~-analogs were potent inhibitors in the first setup, but in the second setup only analogs that were identified as DcpS-resistant remained potent. This result agrees with our previous findings for other DcpS-resistant compounds and points to a positive correlation between susceptibility of an analog to DcpS and inhibitory properties ([@B22]). It also indicates that if the affinity for eIF4E is sufficiently high, other factors, such as stability, determine the performance of a given cap analog as a translation inhibitor. The increased stability in RRL for DcpS-resistant compounds indicates that degradation of cap analogs in RRL occurs mainly by the pyrophosphate-bond cleavage between γ- and β-phosphates, which may be carried out by a DcpS-like activity present in RRL (such cleavage would produce m^7^GMP-type compound, a relatively poor eIF4E binder and thus poor inhibitor of translation). Due to combination of a relatively straightforward synthetic route, high affinity to eIF4E, low affinity to DcpS, strong inhibitory activity and high stability, compound **2a** appears as a most promising candidate for future *in vivo* studies in combination with novel nucleotide-delivery strategies ([@B64]).

Translation of mRNAs capped with BH~3~-analogs in dendritic cells {#SEC5-4}
-----------------------------------------------------------------

The β-BH~3~-analogs **4**, **6a** and **6b** were also incorporated into mRNA transcripts and shown to influence stability and expression of mRNA in dendritic cells (Table [8 and F](#tbl8){ref-type="table"}igure [8](#F8){ref-type="fig"}). One important parameter in the context of anti-cancer vaccination is the total protein expression indicating mRNA translational efficiency and functional stability. mRNA capped with analog **6a** performed most efficiently and, hence, was identified as the best candidate for this purpose. A plausible explanation for the favorable properties of this analog might be the ∼2-fold higher *K*~AS~ of the D1 diastereomers to eIF4E ([@B7],[@B35]). In contrast, in other tested eukaryotic expression systems (HeLa cells and RRL) the D2-capped RNAs, which are more resistant against degradation by the decapping enzyme, are more efficiently translated than their D1 counterparts ([@B35]), indicating cell-type-specific dependencies. The ARCA BH~3~-analogs (**6a** and **6b**) performed at least as well as the corresponding S-analogs, which indicates that both modifications are equally acceptable in terms of requirements of the translational system.

While the results of our studies, taken altogether, revealed that there is no simple correlation between the effects of the cap analog modification and either stability or properties as translation promoters (when introduced into mRNA) or translation inhibitors (when used as free molecules), we can conclude that the best candidates for manipulating mRNA translation are analogs modified at the β-position of the triphosphate bridge: compound **2a** and its ARCA equivalent **6a.** These compounds are characterized by high affinity for eIF4E, poor affinity for hDcpS and either lowest IC~50~ as inhibitor of translation (compound **2a**) or best translation properties (highest total protein expression) *in vivo* when introduced into mRNA (compound **2a**; Tables [5](#tbl5){ref-type="table"}--[8](#tbl5){ref-type="table"}). The results indicate also that the phosphorothioate and boranophosphate groups, despite their close structural and functional similarities, can also differ in their phosphate mimicking features, which indicates that one should not assume in advance that the nucleotides from the two families will have identical biological features and provides a rationale for independent testing in new biological systems.

SUPPLEMENTARY DATA {#SEC6}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku757/-/DC1) are available at NAR Online.
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